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ABSTRACT
The higher order organization of chromatin within the cell nucleus plays an essential
role in epigenetic regulation of gene transcription. In Drosophila, the JIL-1 histone H3S10
kinase has been identified as a major regulator of chromatin structure. JIL-1 associates with
chromosomes throughout the cell cycle, and predominantly localizes to less-condensed
interband regions on the salivary gland polytene chromosome. In males, JIL-1 is upregulated
on the male X chromosome and is associated with MSL dosage compensation complex.
Absence of JIL-1 results in loss of interphase H3S10 phosphorylation as well as lethality and
multiple defects including severely disrupted polytene chromosome morphology.
Further electron-microscopy analyses of the abnormal polytene chromosome revealed
multiple ultrastructural defects including misalignment of interband chromatin fibrils,
intermixing of decondensed and compacted chromatin regions, and increased ectopic
contacts. These phenotypes suggest an enhanced level of heterochromatin, which was
supported by the discovery of up-regulated heterochromatin markers H3K9 dimethylation
and HP1 on chromosome arms in JIL-1 mutants. Moreover, the lethality and chromosome
morphology defects associated with loss of JIL-1 can be largely rescued by introduction of
mutations for heterochromatin components including H3K9 histone methytransferase
Su(var)3-9 and Zn-finger protein Su(var)3-7, however not by reduction of HP1, indicating
that JIL-1 is required for maintaining euchromatin architecture and normal gene expression
via antagonizing ectopic heterochromatization correlated with Su(var)3-9 and Su(var)3-7
while independent of HP1. Furthermore, PEV (position effect variegation) assays using
alleles of JIL-1 and Su(var)3-7 revealed the counterbalance between euchromatin and
heterochromatin.  As a more direct test of our hypothesis, JIL-1 was ectopically targeted to a
polytene band using a LacI/lacO tethering system. The JIL-1-mediated ectopic H3S10
phosphorylation was found sufficient to induce a change in higher order chromatin structure
from a condensed heterochromatin-like state to a more open euchromatic state, while this
effect was absent when a "kinase dead" JIL-1 without H3S10 phosphorylation activity was
tethered. This finding provides direct evidence that a histone modification might function as
a causative regulator of higher order chromatin structure in vivo.
1CHAPTER 1.  GENERAL INTRODUCTION
INTRODUCTION
In eukaryotic cells, the architecture and remodeling of chromatin plays important
roles in many biological processes such as transcription, replication, recombination, DNA
damage and repair, heterochromatin formation, and chromosome behavior throughout the
cell cycle (Wolffe and Hayes, 1999). The status of higher order chromatin packaging is
ultimately determined by cooperation of variety of regulating mechanisms at different levels.
Some mechanisms such as ATP-dependent chromatin remodeling complexes, histone
variants, and histone modifications, have been demonstrated as major factors that directly
participate in the regulation of chromatin structure.
ATP-dependent chromatin remodeling complexes can alter the stability and position
of nucleosomes using the energy from ATP hydrolysis catalyzed by a common ATPase
subunit (Lusser and Kadonaga, 2003), and participate in transcription regulation (Carey et al.,
2006), double strand break repair (Bao and Shen, 2007), sister chromosome cohesion (Huang
and Laurent, 2004), and histone variant replacement (Mizuguchi et al., 2004). Histone
variants replace canonical histones at particular chromatin regions and may function through
affecting nucleosome stability or recruiting specific factors (Henikoff, 2008). Histone
variants play various roles including specific chromatin architecture (Dalal et al., 2007),
transcription activation (Schwartz and Ahmad, 2005), heterochromatin formation
(Swaminathan et al., 2005), and double strand break repair (van Attikum and Gasser, 2005).
Histone modifications include at least nine types: acetylation, methylation, phosphorylation,
ubiquitylation, sumoylation, ADP ribosylation, biotinylation, deimination and proline
isomerization, most of which are localized on the NH2-terminal tails of histones (Turner,
2005; Kouzarides, 2007). Histone modifications could directly remodel higher order
chromatin structure by affecting interactions between histones in adjacent nucleosomes or
between histone and DNA through alteration of charge, or in most case function indirectly
via recruiting other non-histone proteins for functional consequences, leading to the concept
of the “histone code” (Strahl and Allis, 2000).
2The phosphorylation of histone H3 serine 10 (H3S10ph) has long been discovered to
play a role in chromosome condensation and segregation during mitosis and meiosis (Wei et
al., 1999; Fischle et al., 2005). This event is mediated by aurora-B or Ipl1p kinase in
Drosophila and yeast respectively (Adams et al., 2001). Additionally, H3S10ph is also
involved in transcriptional activation (Nowak and Corces, 2004). It was reported that in
mammalian cells H3S10 undergoes rapid and transient phosphorylation concomitant with
activation of IE (immediate early) response genes such as jun and fos in response to
stimulations such as growth factors (Clayton et al., 2000; Cheung et al., 2000). Studies on
Coffin-Lowry syndrome revealed that RSK2 (ribosomal S6 serine-threonine kinase 2) is
responsible for EGF-induced H3S10ph (Sassone-Corsi et al., 1999), while later evidence
support that this effect may be mediated by the mitogen- and stress-response kinases (MSK1
and MSK2) (Soloaga et al., 2003). Both RSK2 and MSKs are tandem kinases and can be
regulated by MAP kinase cascades (Nowak and Corces, 2004). Unlike the transient status in
found in mammals, a globally distributed interphase H3S10ph mediated by JIL-1 kinase was
detected in Drosophila (Jin et al., 1999; Wang et al., 2001).
JIL-1 was first revealed in our laboratory by antibody mAb2A, which unexpectedly
had a dynamic nuclear staining pattern (Johansen, 1996). After using this antibody to screen
a λgt11 genomic Drosophila expression library followed by screening of ovary-specific
cDNA libraries, a single 3621 bp open reading frame was isolated. It encodes a 1207-amino
acid protein estimated to be 137 kDa, which was named JIL-1 since it contained two tandem
serine/threonine kinase domains (KDI and KDII), that resemble the JAK family of tyrosine
kinases (Johansen et al., 1996). While KDII is not found to be significantly homologous to
any specific kinase family, KDI of JIL-1 shows the highest identity (63%) to human MSK1
and lower identity (47%) to Drosophila RSK. Phylogenetic analysis reveals a close
relationship between JIL-1 and human MSKs since they are grouped in a monophyletic
clade, which supports that JIL-1 belongs to a novel tandem serine/threonine kinase family
including MSK1 and MSK2 (Jin et al., 1999). Distinct to MSKs and RSK, JIL-1 contains
long N-terminal (NTD) and C-terminal (CTD) domains (Jin et al., 1999). The CTD can be
almost equally divided into a highly acidic region and a highly basic region that contains a
potential globular domain (Bao et al., 2005). In vitro kinase assays suggested that JIL-1 is a
functional kinase that could phosphorylate histone H3 (Jin et al., 1999). Moreover, JIL-1 may
3be the major kinase that phosphorylates interphase H3S10 in vivo since the level of H3S10ph
tightly correlates with the level of JIL-1, as revealed by polytene chromosome immuno-
staining and immunoblot analysis in a series of JIL-1 mutants (Wang et al., 2001). However,
loss of JIL-1 does not affect H3S10ph level on mitotic chromosomes, suggesting that JIL-1 is
responsible for H3S10ph in interphase but not mitosis (Wang et al., 2001). During mitosis,
H3S10ph is mediated by aurora-B kinase (Adams et al., 2001).
JIL-1 is associated with chromosomes throughout the cell cycle, and localizes to the
less condensed interband regions on the polytene chromosome as revealed by JIL-1 antibody
and Hoechst double labeling (Jin et al., 1999). Interestingly, JIL-1 is found upregulated on
the male X chromosome, and co-localizes with the MSL (male specific lethal) complex (Jin
et al., 2000). In Drosophila, the MSL complex is proposed to play an important role in
dosage compensation of the male X-linked genes to equal their expression levels to those on
the two female X chromosomes. This complex is composed of at least five proteins, MSL1,
MSL2, MSL3, MOF (male absent on the first), MLE (maleless), and two non-coding RNAs
(roX1 and roX2), and is tightly associated with histone H4K16 acetylation, which is mediated
by histone acetyltransferase MOF (Meller and Kuroda, 2002; Sass et al., 2003; Lucchesi et
al., 2005). In vitro co-immunoprecipitation and GST pull-down assays suggest a physical
interaction between JIL-1 and the MSL complex (Jin et al., 2000). The role of JIL-1 in
dosage compensation is supported by the observation of reduced expression of the normally
dosage compensated wa (apricot) allele in a JIL-1 mutant background, as indicated by the
decrease of eye pigment concentration (Lerach et al., 2005). Recent studies suggested that the
CTD of JIL-1 is essential for its interband localization and male X upregulation on the
polytene chromosome (Bao, unpublished data).
JIL-1 is an essential protein for normal development since most animals die at late
third instar larval stage in a JIL-1z2 null mutant (Zhang et al., 2003a). In JIL-1 mutants, a
large number of males exhibit a homeotic transformation phenotype (Zhang et al., 2003a)
resembling that of trxG (trithorax group) gene mutants, in which the affected Abd-B
expression leads to a posterior to anterior segment transformation (Orlando and Paro, 1995).
Genetic interaction assays further suggest the relationship of JIL-1 with trxG members
(Zhang et al., 2003a), which may regulate homeotic gene expression by maintaining a
transcriptional active chromatin structure (Simon, 1995). Therefore, JIL-1 might cooperate
4with trxG proteins to regulate gene expression by chromatin structural remodeling. The role
of JIL-1 in gene activation is also supported by the identification of Lola zf5, a novel splice
form from the lola locus, that interacts with KDI of JIL-1, as revealed by yeast two hybrid
screens (Zhang et al., 2003b). The BTB-containing zinc finger domain found in Lola
supports its potential function in transcriptional regulation (Crowner et al., 2002). Genetic
interaction revealed between JIL-1 and lola suggests that JIL-1 might function in the same
pathway with the Lola transcription factor (Zhang et al., 2003b).  Furthermore, PEV (position
effect variegation) analyses indicated that JIL-1 is required for maintaining transcription of
mini-white reporter genes inserted in pericentric heterochromatin regions (Bao et al., 2007).
Another potential partner of JIL-1 is lamin Dm0, identified also by yeast two hybrid
screens (Bao et al., 2005). Further studies have limited the potential interacting regions to the
predicted globular domain in the basic part of JIL-1 CTD and the sequences in the tail
domain of lamin Dm0 that include the Ig-like fold (Bao et al., 2005). Lamin Dm0 was shown
to be essential for nuclear envelope structure maintenance and cytoplasmic organization
(Lenz-Bohme et al., 1999; Guillemin et al., 2001). It was found that JIL-1 is required to
maintain nuclear morphology and integrity of nurse cells during oogenesis (Bao et al., 2005).
These evidences hint that JIL-1 might cooperate with lamin to maintain and modify
chromatin structure and nuclear architecture.
A striking phenotype found in JIL-1 mutants is the disrupted global morphology of
polytene chromosomes in both males and females (Wang et al., 2001). Compared to wild-
type polytene chromosomes that show extended arms with a regular pattern of Hoechst-
staining bands, polytene chromosomes in JIL-1 mutants show highly coiled and condensed
arms with possible partial loss of interband regions. Moreover, the male X chromosome is
much more defective than autosomes since it appears shorter and broader, and completely
loses its banding pattern. Rescue experiments with a JIL-1-GFP transgene confirm that it is
the reduced level of JIL-1 that results in this defect, suggesting that JIL-1 is essential for
establishing or maintaining the structure of polytene chromosome (Wang et al., 2001).  This
phenotype raises some questions:  What is happening on the disrupted polytene chromosome
in JIL-1 mutants? What is the mechanism for this phenotype? Is JIL-1 sufficient to establish
or maintain a relatively open chromatin higher order structure?
In this thesis, these questions were addressed by a series of experiments. Electron-
5microscopy analyses revealed multiple ultrastructural defects that mimic heterochromatin-like
architecture on the abnormal polytene chromosome. The “puffing” male X polytene
chromosome was also studied using a GFP marker targeted by the LacI/lacO tethering system.
By immuno-labeling, high levels of heterochromatin markers H3K9 dimethylation and HP1
were found on chromosome arms in JIL-1 mutants. Moreover, the lethality and chromosome
morphology defects associated with loss of JIL-1 can be largely rescued by introduction of
mutations in the H3K9 histone methyltransferase Su(var)3-9, indicating that the lethality as
well as the polytene chromosome phenotype associated with loss of JIL-1 is largely due to the
ectopic heterochromatization and subsequent silencing of some essential genes. Therefore, JIL-
1 is required for maintaining euchromatin architecture and normal gene expression via
antagonizing ectopic heterochromatization. Similar genetic studies using mutant alleles for
other heterochromatin components, HP1 and Su(var)3-7, indicated that Su(var)3-7 is involved
in this Su(var)3-9-dependent heterochromatin formation while HP1 is not. Furthermore, a
counterbalance between euchromatin and heterochromatin was revealed by PEV assays using
alleles of JIL-1 and Su(var)3-7. To directly test if JIL-1 is sufficient to establish or maintain a
euchromatic structure, we ectopically targeted JIL-1 using a LacI/lacO tethering system. The
JIL-1-mediated ectopic H3S10ph was found sufficient to induce a change in higher order
chromatin structure from a condensed heterochromatin-like state to a more open euchromatic
state, while this effect was absent when a "kinase dead" JIL-1 without H3S10 phosphorylation
activity was tethered. This finding provides direct evidence that a histone modification might
function as a causative regulator of higher order chromatin structure in vivo.
THESIS ORGANIZATION
The first chapter of thesis is a general introduction starting with background
introduction about chromatin remodeling as well as the JIL-1 kinase, following with an
extensive literature review, which describe detailed background information about chromatin
architecture and remodeling mechanisms especially histone modifications.
Then five papers are included in Chapter 2 to Chapter 5. The first paper was published
in Chromosoma. This paper presents detailed pictures for the disrupted polytene chromosome
in JIL-1 mutants. Huai Deng did the electron microscopy (Figure 2, 3) and GFP-LacI/lacO
6assays (Figure 5, 6), and most of the Chromator/DNA double labeling (Figure 7). Weiguo
Zhang contributed to the MSL2/DNA double labeling (Figure 4). Janine Martin drew the
cartoon for the model (Figure 8).
The second paper, published in Development, describes the ectopic spreading of
heterochromatin markers to the mutated polytene chromosome arms correlated with JIL-1
reduction, and preliminary data about interaction between Su(var)3-9 and JIL-1 hypomorphic
allele. Weiguo Zhang initiated the study and contributed almost all the figures. Huai Deng
repeated and confirmed most of the experiments and helped finishing the genetic assays.
The third paper was published in Genetics. In this paper genetic interaction between
Su(var)3-9 and the JIL-1 null allele was systematically studied by Huai Deng (Table1; Figure
1, 2). Su(var)3-9 was demonstrated as a major factor contributing to the lethality and chromatin
structure perturbations in the JIL-1 mutant. Xiaomin Bao, the co-first author, tested the genetic
interaction between Su(var)2-5 and JIL-1 (Table 2; Figure 3, 4), and found that HP1 is not
involved in this ectopic heterochromatization.
The fourth paper is a manuscript prepared for submission. The genetic interaction
between Su(var)3-7 and JIL-1 supported the role of Su(var)3-7 in the heterochromatin ectopic
spreading contributing to the lethality and chromosome phenotype associated with loss of JIL-
1. Furthermore, PEV assays using alleles of JIL-1 and Su(var)3-7 detected a counterbalance
between euchromatin and heterochromatin. Huai Deng made the observation and did all the
analyses. Jack Girton generated JIL-1 P118E-15 double mutants for PEV assay, and cleaned up
the Su(var)3-7 mutant stocks.
The fifth paper was published in Development. This paper provides direct evidence
that JIL-1 and H3S10ph might function as a causative regulator of less-condensed higher
order chromatin structure in vivo. Melissa Blacketer made the LacI-JIL-1 construct and
contributed to establishing the LacI-JIL-1 tethering system. Bin Lu helped making the LacI-
JIL-1kd construct. Huai Deng built up most of the tethering system and did all the analyses.
Chapter 6 is a general conclusion about the function of JIL-1 and H3S10ph in
chromatin architecture and potential future directions. In the appendix, unpublished data about
analyses of kinase dead JIL-1 is presented. At last, I will acknowledge all the people who
contributed to my studies.
7LITERATURE REVIEW
CHROMATIN STRUCTURE AND ORGANIZATION
In the nuclei of eukaryotic cells, DNA is packaged into highly organized chromatin.
The architecture and remodeling of chromatin play essential roles in many biological processes
such as transcription, heterochromatin formation, DNA damage repair, replication,
recombination, and chromosome behavior throughout the cell cycle (Wolffe and Hayes, 1999).
The fundamental level and unit of chromatin is the nucleosome, which contains about 200 base
pairs of DNA wrapped approximately twice around a histone octamer composed of two
subunits each of histone H2A, H2B, H3 and H4 (Weaver, 2002). According to the X-ray
crystal structure, each core histone contains three α helixes linked with loops to form a
“histone fold”, which mediates the interactions between core histones within the same
nucleosome (Luger et al., 1997). In each nucleosome, one H3/H4 tetramer binds with two
H2A/H2B heterodimers on each side via the interaction between H4 and H2A (Luger et al.,
1997). The NH2-terminal tails of each core histone are highly basic. They extend out from the
histone core and can be covalently modified. These modifications play important roles in
regulating chromatin structure (Strahl and Allis, 2000).
With the help of histone H1, nucleosomes can be further packed to form a 30-nm fiber,
which is thought to be a solenoid, or zigzag structure (Woodcock and Horowitz, 1995). The
folding patterns at higher levels and the components that are involved in this packaging are still
poorly understood. Most of the chromatin folding studies focused on the highly condensed
mitotic chromosome (Belmont, 2006). The classic radial loop model proposes that loops of 30-
nm fibers are anchored by an axial scaffold composed of Topoisomerase 2 and condensin I/II
complexes (Saitoh et al., 1994). However, recent experiments support a hierarchical
folding/axial glue model, in which the chromatin undergoes at least three levels of hierarchical
folding above 30-nm fiber level to form a fully compacted chromosome, while the axial
distribution of condensins serves as a “glue” to stabilize the folding (Kireeva et al., 2004).
During interphase, chromatin folding was found in different levels including 10-30 nm fiber as
well as 60–130 nm chromonema fibers (Belmont and Bruce, 1994). It has been generally
accepted that in the interphase nucleus the chromatins form different chromosome territories,
8whose organization and dynamic changes, however, are still unclear (Cremer et al., 2006).
There are also some evidences suggesting that nuclear matrix might be involved in higher
three-dimensional arrangement of DNA in interphase nuclei. Chromatin fiber may be tethered
to the nuclear matrix and form loops, mediated by some sequences such as matrix attachment
regions (MARs) or scaffold attachment regions (SARs) (Boulikas, 1995) and insulators (Ishii
et al., 2002; Byrd and Corces, 2003).
Polytene chromosomes are specialized chromosomal structure found in some insect
cells in which the DNA undergoes multiple cycles of replication without cytokinesis
(Zhimulev, 1996). In a Drosophila salivary gland cell, 1024 copies of sister chromosomes align
precisely in parallel. An obvious characteristic of polytene chromosomes is the stable banding
pattern composed of bands and interbands which represent highly and less condensed
chromatin, respectively (Zhimulev et al., 2004). Little is known about the architectural
organization of polytene chromosomes and the molecular basis for this architecture.
Ultrastructural studies using mostly electron microscopy (EM) and recently atomic force
microscopy (AFM) reveal a series of fiber structures including 11-nm, 30-nm and at the higher
level, 250-nm and 700-nm fibers in polytene chromosomes, indicating a general pattern of
packaging similar to that found in mitotic chromosomes (Ananiev and Barsky, 1985; de Grauw
et al., 1998). It was reported that F-actin is directly associated with polytene chromosomes and
essential for their structural maintenance (Sauman and Berry, 1994). Interestingly, the cohesin
complex, a large ring-like chromosomal complex composed of at least four subunits and
involved in sister chromatin cohesion during mitosis and meiosis (Uhlmann, 2004), was shown
to localize to some regions on polytene chromosome (Markov et al., 2003). The Drosophila
polytene chromosome is a good model for studies of chromatin structure remodeling since
differences in chromatin packing can be reflected in band or interband-like morphology with
high cytogenetic resolution. Furthermore, alterations in interphase chromatin packing might
result in easily detectable polytene chromosome morphological phenotypes, as have been
identified in the mutants of a number of chromatin-related genes. For example, reduced levels
of JIL-1 lead to abnormal condensed and coiling polytene chromosome arms with multiple
ultrastructural defects including misalignment of interband chromatin fibrils, intermixing of
band/interband regions, and increased ectopic contacts between non-homologous regions
(Wang et al., 2001; Deng et al., 2005). Similar defects have also been detected in the mutants
9of Chromator, a chromodomain-containing protein largely overlapping with JIL-1 in polytene
interband regions (Rath et al., 2006). In the mutants of another interband-localized protein, Z4,
disrupted band/interband pattern and chromatin decondensation was also found on polytene
chromosomes (Eggert et al., 2004). Interestingly, Chromator was reported to interact with both
Z4 and JIL-1 (Eggert et al., 2004; Rath et al., 2006). On the other hand, introduction of an
additional dose of SuUR (suppressor of under-replication) leads to a coiling morphology of
polytene chromosome, whose severity is correlated with the dose of a SuUR transgene
(Zhimulev et al., 2003). This phenotype is linked with an increased number of weakpoints and
ectopic contacts, which might result from a high level of underreplication and late replication
in heterochromatin modified by SuUR (Koryakov et al., 1999; Zhimulev et al., 2003).
Significantly, similar yet non-identical “puffing” male X polytene chromosome phenotypes
have been revealed in the mutants of a number of genes including JIL-1 (Wang et al., 2001;
Deng et al, 2005), Su(var)2-5 (Spierer et al., 2005), Su(var)3-7 (Spierer et al., 2005), nurf301
(Badenhorst et al., 2002), ISWI (Deuring et al., 2000), and Ada3 (Grau et al., 2008). These so
called “pompon”-like chromosomes have been described even during normal development of
some species (Zhimulev, 1996). How these puffing polytene chromosomes are induced and
organized is poorly understood. The male X chromosome is specialized by hyperacetylation on
histone H4 resulting from the histone acetyltransferase MOF (male absent on the first) in the
MSL (male specific lethal) dosage compensation complex, which promotes hyper-transcription
of male X-linked genes so that their expression levels can match those of female X genes
(Bone et al., 1994; Hilfiker et al., 1997). The specific histone hyper-acetylation on the male X
chromosome might contribute to a high level of chromatin decondensation since reduction of
H4K16ac significantly suppressed the male X defect in the ISWI mutant (Corona et al., 2002).
In the strain In(1)BM2 (reinverted) that carries a rearranged chromosome, a puffy male X
chromosome can be induced by cold shock, while the transcription level of the male X
chromosome remains normal, indicating that transcription is not necessarily correlated with
this chromosome architectural remodeling. Interestingly, an extract from this strain can induce
the same male X morphology even in wild-type (Kar et al., 2000) and a specific yet
uncharacterized 26.5 kDa protein was found in the extract (Maitra et al., 1991).
There are two kinds of interphase chromatin, euchromatin and heterochromatin,
defined by morphological differences throughout the cell cycle (Weiler and Wakimoto,
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1995). Heterochromatin is a highly compacted, usually gene-inactive region that typically is
found at centromeres and telomeres, as well as adjacent to the nuclear envelope (Karp, 2005).
Heterochromatin can be further divided into three types: pericentric heterochromatin (PH),
telomeric heterochromatin (TH), and intercalary heterochromatin (IH). In Drosophila, IH is
characterized as dense bands at some sites scattered along euchromatic polytene chromosome
arms (Zhimulev and Belyaeva, 2003). Heterochromatin has some important characteristics
such as strong tendency for gene silencing, late replication, elimination in some somatic
cells, underreplication and ectopic contacts between hereochromatic regions (Zhimulev and
Belyaeva, 2003). In contrast to the gene-rich euchromatin, heterochromatin contains very few
genes, but have a rich amount of highly repetitive satellite sequences and transposable
elements (Grewal and Jia, 2007). Recent studies indicates that heterochromatin might serve
as a platform to recruit different effectors for regulating various of subsequent processes such
as nuclear organization and chromatin long-range interaction, chromosome segregation, gene
silencing at either the transcription level, post-transcription level, or high-order chromatin
packaging level, and even heterochromatic gene expression (Grewal and Jia, 2007).
Heterochromatin can also affect the expression of adjacent euchromatic genes, giving
rise to a phenomenon named position effect variegation (PEV) (Girton and Johansen, 2008). In
Drosophila, more than 150 PEV modifiers, whose mutations can enhance or suppress PEV and
thus are called E(var) and Su(var) respectively, have been identified and several of them have
been found to be involved in regulation of chromatin structure. Among them, three PEV
suppressors, Su(var)3-9, Su(var)2-5, and Su(var)3-7, were well-demonstrated as essential
components for heterochromatin establishment and maintenance (Cowell et al., 2002; Richards
and Elgin, 2002). All of them are able to dosage-dependently affect PEV as haplo-suppressors
as well as triplo-enhancers. Su(var)3-9 is a histone methyltransferase that catalyzes histone
H3K9 dimethylation (H3K9me2) via a conserved SET domain (Schotta et al., 2002). Su(var)2-
5 encodes HP1 (heterochromatin protein 1), a small protein containing a N-terminal
chromodomain, which recognizes the H3K9me2 marker, and a C-terminal chromoshadow
domain, which mediates HP1 dimerization and interaction with other proteins including
Su(var)3-9 and Su(var)3-7 (Lachner et al., 2001). Su(var)3-7, a protein that contains seven zinc
finger domains, can be recruited by HP1 and help to build up the highly compacted chromatin
structure in heterochromatin (Jaquet et al., 2006). HP1 can in turn recruit Su(var)3-9 to
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generate H3K9 methylation on the adjacent nucleosomes, allowing the self-spreading of
heterochromatin (Lachner et al., 2001).
The initiation of heterochromatin assembly is still not very clear. One important
mechanism could be RNA interference (RNAi), a dsRNA (double-strand RNA)-mediated
process conserved from S. pombe, C. elegans, Drosophila to mammals (Mello and Conte,
2004). In general, dsRNAs generated by transcription of transposable elements or repeat
sequences are cleaved by an RNase, Dicer, into 21-26 bp siRNAs (small interfering RNAs),
which direct the targeting of Argonaute proteins through base-pairing interaction, and could
further establish H3K9 methylation through unclear mechanisms (Bühler and Moazed, 2007).
Studies in fussion yeast (S. pombe) suggested a transcription-coupled model, in which pairing
of siRNA with nascent-transcription directs the targeting of an Argonaute-containing RITS
(RNA-induced transcriptional gene silencing) complex (Bühler et al., 2006). All three subunits
of RITS (Chp1, Tas3 and Ago1) are required for H3K9 methylation and Swi6 (HP-1 homolog)
recruitment (Verdel et al. 2004, Verdel and Moazed, 2005), possibly through recruitment of a
WD domain containing protein Rik-1, which is in a complex containing a E3 ubiquitin ligase,
Cul4, and a histone methyltransferase, Clr4 (Grewal and Elgin, 2007). It was found that Clr4
not only methylates H3K9 and initiates heterochromatin assembly, but also maintains the
heterochromatin via binding with H3K9me by its chromodomain (Zhang et al., 2008). The
Drosophila genome encodes similar RNAi-related proteins including two Dicer proteins
(DCR-1, DCR-2), five Argonaute proteins (AGO1, AGO2, AGO3, PIWI, and Aubergine), and
three DNA helicases (Spindle-E, RM62, and Armitage). In Drosophila, Similar roles of the
RNAi pathway in heterochromatin formation and gene silencing have also been demonstrated
(Riddle and Elgin, 2008). Heterochromatin can also be initiated in RNAi-independent manners.
For example, in S. pombe two transcription factors, Atf1 and Pcr1, are able to bind specific
DNA sequences at the mating-type region and target H3K9me and Swi6 for nucleate
heterochromatin formation (Jia et al., 2004), with the help of a class II HDAC (histone
deacetylase), Clr3 (Yamada et al., 2005). Su(var)3-3, the Drosophila homolog of the histone
demethylase LSD1, was found to be a euchromatin terminator that initiates heterochromatin
formation through removal of H3K4 methylation during the early embryonic stage (Rudolph et
al., 2007).
On the other hand, several potential mechanisms have been reported for termination of
12
heterochromatin spreading. H2A.Z, a histone H2A variant, might function as a boundary
element to prevent the spread of heterochromatin (Meneghini et al., 2003). In Drosophila, the
JIL-1-mediated H3S10 phosphorylation was found to be able to maintain euchromatic regions
through antagonizing heterochromatin (Zhang et al., 2006; Deng et al., 2007; Deng et al.,
2008). Interestingly, unlike Su(var)3-3 in Drosophila, the LSD1 homolog in S. pombe was
reported to be able to prevent heterochromatin spreading into euchromatin by removing H3K9
monomethylation or dimethylation at boundary elements and inhibiting Clr4 from methylating
H3K9 (Lan et al., 2007). Therefore, it appears that LSD1 could regulate the boundary between
euchromatin and heterochromatin through possibly distinct mechanisms in different species
(Chosed and Dent, 2007).
CHROMATIN REMODELING
Given its essential roles in many biological processes, chromatin structure needs to be
strictly and precisely maintained and regulated. Misregulation of chromatin structure always
leads to various cellular and developmental defects and diseases including cancer. In this
section, three major mechanisms that participate in chromatin remodeling will be reviewed.
They are histone modifications, histone variants, and ATP-dependent chromatin remodeling
complexes. The status of higher order chromatin packaging is ultimately determined by
cooperation of these mechanisms at different levels.
HISTONE MODIFICATIONS
Histones can be covalently modified at over 60 residues, most of which are on the NH2-
terminal tails, while a few are in the core regions. Detecting by antibodies or by mass
spectrometry, at least nine classes of histone modifications have been identified: acetylation
(ac), methylation (me), phosphorylation (ph), ubiquitylation (ub), sumoylation (su), ADP
ribosylation (ar), biotinylation, deimination, and proline isomerization (Turner, 2005;
Kouzarides, 2007). Most of these modifications are generated by histone modifying enzymes
(writers) and can be removed by other enzymes (erasers) (Wang et al., 2007), and many of
these enzymes actually have other substrates besides histones. Numerous lines of evidence
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highlight the role of histone modifications in linking signaling pathways to chromatin structure
remodeling and subsequent processes (Wolffe and Hayes, 1999; Cheung et al., 2000). Histone
modifications could directly alter high-order chromatin structure by affecting interactions
between histones in adjacent nucleosomes or between histone and DNA through alteration of
charge. Whereas in most cases histone modifications function indirectly via recruiting other
non-histone proteins (readers) for functional consequences, leading to the concept of the
“histone code” (Strahl and Allis, 2000). Given the dense clustering of histone modifications on
histone tails, different histone modifications might collaborate to form combinatorial codes,
instead of acting independently (Jenuwein and Allis, 2001). For example, “charge patches”,
such as short "basic patches" containing proximate acetylation, phosphorylation, and
methylation marks were found on the NH2-termini of all core histones (Cheung et al., 2000).
According to a “binary switch” model, the binding of an effector protein to a histone mark
could be affected by the status of an adjacent mark, giving a mechanism for quick on/off
switching of a relatively stable mark (Fischle et al., 2002). Furthermore, more than two nearby
marks might form so called “modification cassettes”, in which different combinations of marks
could offer various biological readouts (Fischle et al., 2002). Beyond the histone codes, the
readers (e.g. HP1) can also be covalently modified by similar mechanisms to generate more
complicated subsequent functions, giving rise to an additional level of epigenetic regulation,
the so-called “subcode” (Lomberk et al., 2006).
Histone Acetylation
Histone acetylation on lysine is generally known to correlate with transcriptional
activity, and this correlation is mediated by histone acetyltransferases (HATs) and histone
deacetylases (HDACs), which are found in many coactivator and corepressor complexes
(Strahl and Allis, 2000). There are three families of HATs including GNAT (Gcn5-related N-
acetyltansferase), MYST (MOZ/YBF2/SAS2/TIP60) and CBP/p300 families, and four classes
of HDACs including class I (HDAC1-3, 8), class II (HDAC4-7, 9, 10), class III (Sirtuin1-7)
and class IV (HDAC11) (Kouzarides, 2007). HATs and HDACs always generate or remove
acetyl groups at multiple lysine sites with poor specificity, and most of them have non-histone
substrates such as p53 and E2F (Wang et al., 2007). HDAC inhibitors are widely studied as
potential anticancer drugs (Bolden et al., 2006). The only motif currently known to recognize
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acetyl-lysine is the bromodomain, which has been found in many transcription factors or
coactivators (e.g. CBP, BRD2, BPTF), as well as chromatin remodeling complex proteins like
Brg1 and HATs such as Gcn5 (Mujtaba et al., 2007). Comparing with other modifications,
histone acetylation is able to most significantly alter the charge of histone tails by neutralizing
the basic charge of lysines, thus lead to unfolding of the chromatin, as has been supported by
an in vitro assay showing that the H4K16ac alone was enough to prevent the formation of the
30-nm fiber (Shogren-Knaak et al., 2006). In Drosophila, H4K16ac is strongly associated with
the male X gene hyper-transcription, a mechanism to equalize gene expression levels in males
and females called dosage compensation, presumably through influencing high-order
chromatin structure. The H4K16 acetyltransferase MOF, together with other four proteins
(MSL1, MSL2, MSL3 and MLE) and two non-coding RNAs (roX1 and roX2), are key
components of the dosage compensation complex (Lucchesi et al., 2005). In mammalian cells,
H4K16ac, mediated by hMOF, is required for DNA damage response during the cell cycle
(Taipale et al., 2005). The reader for H4K16ac remains to be identified. One candidate could be
a histone methytransferase MLL1 (Dou et al., 2005).
However, not all histone acetylation events result in euchromatic and active marks. In
Drosophila, H4K12ac might function in heterochromatin formation through directing
downstream H3K9me2 and HP1 recruitment (Swaminathan et al., 2005). In fission yeast,
H3K56ac, catalyzed by Rtt109, is essential for resistance to DNA damage or replication stress
during S phase (Driscoll et al., 2007; Han et al., 2007). HBO1, a HAT that acetylates the H4
tail, is suggested to be essential for prereplicative complex (pre-RC) formation and DNA
replication licensing (Wu and Liu, 2008).
Histone Methylation
Unlike acetylation, which generally is associated with gene activation, methylation of
different residues on histone can be either a transcriptional activation mark or repression mark.
Based on the neutral charge, methyl group alone presumably should have little affect on
chromatin packing, and could regulate high-order chromatin structure through recruiting other
factors.  Four types of domains (Chromo, Tudor, PHD, MBT) that recognize methyl-lysine
have been identified so far (Kim et al., 2006; Li et al., 2007). Histone methylation can occur on
lysine and arginine. Methylated H3K4, H3K36 and H3K79 are involved in gene activation
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(Shilatifard, 2006). H3K4me is associated with transcription initiation through recruiting
factors including CHD1, NURF, and ING2 (Sims and Reinberg, 2006). In S. pombe, the
H3K36 methyltransferase Set2 can be directly recruited by phosphorylated RNA Pol II during
elongation (Kizer et al., 2005). Then H3K36me is recognized by Eaf3, which lead to
recruitment of Rpd3S HDAC and creation of a hypoacetylated environment (Keogh et al.,
2005). On the other hand, methylation of H3K9, H3K27 and H4K20 strongly correlates with
gene silencing (Shilatifard, 2006). The Su(var)3-9 (Suv39 in mammal) mediated H3K9
methylation and the associated HP1 are well known heterochromatin marks, although in some
case they have also been linked with euchromatic gene activation in both mammalian and
Drosophila systems (Vakoc et al., 2005; de Wit et al., 2007). H3K27 methylation mediated by
the Polycomb complex enzyme EZH2 is associated with HOX gene repression (Kouzarides,
2007). In Drosophila, H4K20 methylation, catalyzed by Su(var)4-20, functions in
heterochromatin formation downstream of HP1 (Swaminathan et al., 2005). Recent studies in
Drosophila and mammalian cells further linked the H4K20 methylation with chromatin
condensation and DNA replication during the cell cycle (Sakaguchi and Steward, 2007; Huen
et al., 2008). On histone H3 and H4, several arginines can be methylated by coactivator
arginine methyltransferase (CARM1) and protein arginine methyltransferase (PRMT1), and
associated with a variety of processes such as transcription activation, RNA processing, cell
signaling, and DNA repair (Shilatifard, 2006).
Histone methylation has long been considered as a stable mark. However, this
opinion has met some opposition after the recent identification of a series of histone
demethylases including LSD1 and JmjC-domain-containing proteins, which demethylate
histones using distinct mechanisms (Klose et al., 2006; Klose and Zhang, 2007). Increasing
evidence has supported the important roles of these histone demethylases in gene regulation
and development (Bhaumik et al., 2007).
Histone Phosphorylation
Histone phosphorylation at serine or threonine plays a variety of roles through of the
cell cycle. The high level of H3S10ph and H3S28ph by Aurora B kinase on mitotic
chromosomes, a widely accepted mitotic marker, is highly conserved from yeast to human
(Nowak and Corces, 2004). During mitosis of mammalian cells, H3S10ph is associated with
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highly condensed chromatin and is thought to induce HP1 release from H3K9me3, giving
evidence in support of the binary switch model (Fischle et al., 2005). The interphase H3S10ph
is mediated by the tandem kinases called MSKs in mammals and is involved in activation of
NFκB-regulated genes and IE (immediate early) genes such as jun and fos (Cheung et al.,
2000). In Drosophila, a global euchromatically distributed interphase H3S10ph is mediated by
the JIL-1 tandem kinase and plays an important role in maintenance of higher order
euchromatic chromatin structure by antagonizing heterochromatin (Wang et al., 2001; Deng et
al, 2005; Zhang et al., 2006; Deng et al., 2007). Moreover, ectopically targeted JIL-1-mediated
H3S10ph is able to causatively decondense a highly compacted chromatin state (Deng et al.,
2008). Although a phosophoryl-group could theoretically be able to remodel chromatin
compaction via charge change, it is unlikely that H3S10ph alone has such a direct role since in
vitro nucleosomal arrays assembled with phosphorylated H3S10 do not behave differently from
unmodified H3S10 (Fry et al., 2004). Studies in Corces’ lab have linked H3S10ph to heat-
shock-induced chromatin puffs and transcriptional activation in Drosophila (Ivaldi et al., 2007).
However, the studies in Johansen’s lab argue against a direct role of interphase H3S10ph in
transcription (Deng et al., 2008; Cai et al., in press). A recently identified reader of H3S10ph is
14-3-3, whose binding affinity to H3S10ph can be reinforced by additional H3K9ac or
H3K14ac (Winter et al., 2008). Besides H3S10ph, phosphorylation of H4S1 and H2AS1 are
also correlated with mitotic chromatin condensation (Barber et al., 2004), and phosphorylation
of H2BS33 by TAF1 (TBP-associated factor 1), a subunit of the TFIID complex, has also been
associated with transcription activation in Drosophila (Maile et al., 2004). Some
phophorylation sites of histone H2B were found correlated with apoptosis. The Mst1 kinase-
mediated H2BS14ph in human and Ste20 kinase (Mst1 homolog in yeast)-mediated H2BS10ph
in yeast were linked with apoptotic chromatin condensation (Ahn et al., 2005). In yeast, the
phosphorylation of H2BS10 is induced by the deacetylation of H2BK11ac by Hos3 HDAC
(Ahn et al., 2006). Another major role of histone phosphorylation was found in DNA repair
(van Attikum and Gasser, 2005). At the DNA-damaged sites, phosphorylation of the core
region of yeast H2A (S122, S126, S129) and mammalian H2A.X (S139) could facilitate DNA
repair via altering chromatin structure and recruiting effectors such as INO80 and the SWR1
complex (van Attikum and Gasser, 2005; van Attikum et al., 2007).
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Other Histone Modifications
The remaining histone modifications (ubiquitylation, sumoylation, ADP ribosylation,
biotinylation, deimination and proline isomerization) are relatively less abundant on histones,
and how they function is largely unknown (Kouzarides, 2007). Ubiquitylation is a very large
modification containing 76 amino acids. H2A and H2B ubiquitylation play essential roles in
regulation of many processes such as transcription initiation and elongation, silencing, and
DNA repair (Weake and Workman 2008). Histone H3 and H4 ubiquitylation by the CUL4-
DDB-ROC1 ubiquitin ligase is involved in DNA damage response (Wang et al., 2006).
Sumoylation (SUMO: small ubiquitin-like modifier) is also a large modification identified
on all core histones. In yeast, sumoylation could suppress transcription via antagonizing lysine
acetylation and ubiquitylation (Nathan et al., 2006). The enzymes responsible for ADP
ribosylation are MARTs (mono-ADP-ribosyltransferases) and PARPs (poly-ADP-ribose
polymerases), which have multiple substrates including histones. Many studies have addressed
the various roles of PARPs including regulation of transcription, DNA repair, and telomere
elongation (Pirrotta, 2003). Poly-ADP-ribosylation of histone might unpack the nucleosome,
thus inducing decondensation of chromatin (Tulin and Spradling, 2003). Biotinylation sites
have been found on histones H2A, H3 and H4. Among them the biotinylation of K8 and K12
on H4 appears to be involved in heterochromatin formation, gene silencing, mitotic chromatin
condensation, and DNA damage response (Hassan and Zempleni, 2006). Proline isomerization
is a noncovalent hitone modification. In yeast the cis-trans conformational change of proline 38
at the H3 tail catalyzed by FPR4 was found associated with transcription via regulating
methylation of H3K36 by Set2 (Nelson et al., 2006). Histone deimination results from
conversion of arginine on H3 and H4 to citrulline. The enzyme responsible for this conversion
described so far is PAD4. Deimination of arginine might repress gene activation via preventing
methylation of arginine (Cuthbert et al., 2004; Wang et al., 2004). Recently, PAD4-deiminated
histone H3 was found in extracellular chromatin traps (NETs) generated by degranulating
neutrophils in response to infections (Neeli et al., 2008), revealing a novel non-nuclear function
of histone modification.
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HISTONE VARIANTS
Another important epigenetic chromatin regulation mechanism is histone replacement
by histone variants, which may function by affecting nucleosome stability or recruiting specific
factors (Henikoff, 2008). Besides canonical histones, more than seven additional variants have
been uncovered so far, and most of them are H3 and H2A variants (Henikoff, 2008). For
example, centromeres contain a specific H3 variant called CENP-A in mammals and CenH3 in
Drosophila, which directs centromeric chromatin assembly possibly via triggering formation of
a “hemisome” containing only four core histones (Dalal et al., 2007). H3.3, which is distinct
from H3 in only four amino acids, incorporates predominantly into transcriptionally active
chromatin in a replication-independent manner (Schwartz and Ahmad, 2005). It was further
hypothesized that the incorporation of different H3 variants throughout the genome, so-called
“H3 barcode” that plays a role in epigenetic memory by regulating histone modifications and
long-term gene expression (Hake and Allis, 2006). H2A.Z, a histone H2A variant, might
function as a boundary element to prevent the spread of heterochromatin (Meneghini et al.,
2003). In budding yeast, phosphorylated H2A.X at double strand break (DSB) sites was found
to be able to recruit the INO80 complex for ATP-dependent chromatin remodeling during DSB
repair (van Attikum and Gasser, 2005). In Drosophila, H2Av is the functional homologue of
both H2A.X and H2A.Z in mammals. H2Av was found to be and required for H4K12
acetylation, H3K9 methylation and HP1 recruitment during heterochromatin formation
(Swaminathan et al., 2005). Phosphorylated H2Av also exists at DSB sites, and is replaced by
unmodified H2Av after being acetylated by dTip60 (Kusch et al., 2004). Incorporation of
histone variants into nucleosomes is mediated by chaperones or ATP-dependent chromatin
remodellers (Henikoff, 2008).
ATP-DEPENDENT CHROMATIN REMODLEING COMPLEXES
ATP-dependent chromatin remodeling complexes are able to change the stability and
position of nucleosomes using the energy from ATP hydrolysis. Recent single-molecule real
time analyses support that these chromatin remodelers can translocate or pump DNA loops into
and around the nucleosome in complicated ways (Cairns, 2007). All these complexes contain a
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common ATPase subunit that belongs to the SNF2-like super family, which includes seven
subfamilies called SNF2, ISWI, CHD1, INO80, CSB, RAD54, and DDM1 (Lusser and
Kadonaga, 2003). These complexes regulate transcription either positively or negatively. For
example, the yeast SWI/SNF complex RSC was shown to be able to facilitate the passing of
RNA Pol II though nucleosomes in vitro (Carey et al., 2006). ISWI complexes generally
promote nucleosome positioning and gene repression, although in some case they also active
transcription (Corona and Tamkun, 2004). In addition to transcription regulation, ATP-
dependent chromatin remodeling complexes also participate in other cellular processes
including double strand break repair (Bao and Shen, 2007), histone variant replacement
(Mizuguchi et al., 2004), and sister chromosome cohesion (Huang and Laurent, 2004). Defects
of the ATP-dependent chromatin remodeling complexes have been linked with some human
diseases such as cancer (Wang et al., 2007).
Three major families of ATP-dependent chromatin remodeling complexes have been
identified in Drosophila: SWI2/SNF2, ISWI, and CHD (Bouazoune and Brehm, 2006),
containing a bromodomain, C-terminal SANT-like domains, and a chromodomain, respectively
(Eberharter and Becker, 2004). The SWI2/SNF2 (homolog of SWI/SNF complex in yeast)
contains an ATPase core Brahma (Brm), whose yeast homolog is Swi2/Snf2. Brahma localizes
to the interband regions of polytene chromosomes and generally facilitates RNA polymerase
II-mediated transcription (Armstrong et al., 2002). Besides transcription activation, Brahma has
also been linked with gene silencing, DNA replication and apoptosis (Bouazoune and Brehm,
2006). In Drosophila, the ISWI-containing complexes can be divided into three subfamilies:
NURF, CHRAC and ACF. The NURF complex functions through a GAGA-binding protein
GAF, which binds with the NURF301 subunit in the NURF complex (Lehmann, 2004). The
human NURF complex can recognize H3K4me3 at active genes with a PHD (plant
homeodomain) finger, and regulate expression of genes such as HOX genes (Li, et al., 2006;
Wysocka et al., 2006). Both CHRAC and ACF complexes contain the Acf1 subunit, which is
essential for their functions in chromatin assembly, transcription repression and DNA
replication (Fyodorov, et al., 2004). In Drosophila, the CHD family has several members
(dCHD1, dCHD3, dMi-2, and Kismet), some of which are correlated with transcription
activation while others participate in gene repression (Bouazoune and Brehm, 2006).
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CHAPTER 2.  THE JIL-1 KINASE REGULATES THE
STRUCTURE OF DROSOPHILA POLYTENE
CHROMOSOMES
A paper published in Chromosoma
Huai Deng, Weiguo Zhang, Xiaomin Bao, Janine N. Martin, Jack Girton,
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ABSTRACT
The JIL-1 kinase localizes to interband regions of Drosophila polytene chromosomes
and phoshorylates histone H3 Ser10.  Analysis of JIL-1 hypomorphic alleles demonstrated that
reduced levels of JIL-1 protein lead to global changes in polytene chromatin structure.  Here
we have performed a detailed ultrastructural and cytological analysis of the defects in JIL-1
mutant chromosomes.  We show that all autosomes and the female X chromosome are
similarly affected whereas the defects in the male X chromosome are qualitatively different.  In
polytene autosomes loss of JIL-1 leads to misalignment of interband chromatin fibrils and to
increased ectopic contacts between non-homologous regions.  Furthermore, there is an
abnormal coiling of the chromosomes with an intermixing of euchromatic regions and the
compacted chromatin characteristic of banded regions.  In contrast, coiling of the male X
polytene chromosome was not observed.  Instead the shortening of the male X chromosome
appeared to be caused by increased dispersal of the chromatin into a diffuse network without
any discernable banded regions.  To account for the observed phenotypes we propose a model
in which JIL-1 functions to establish or maintain the parallel alignment of interband
chromosome fibrils as well as to repress the formation of contacts and intermingling of non-
homologous chromatid regions.
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INTRODUCTION
In eukaryotic cells DNA is packaged into highly organized chromatin, the architecture
and remodeling of which plays an important role in many processes such as transcription,
replication, recombination, heterochromatin formation, and chromosome behavior throughout
the cell cycle (Wolffe and Hayes, 1999).  The polyploid organization of Dipteran polytene
chromosomes has provided an especially useful model system for analyzing chromatin
structure as well as higher order chromosome organization as it relates to gene expression
(Schwartz et al., 2001; Zhimulev et al., 2004).  In Drosophila third instar larval salivary gland
cells 1024 copies of sister chromatids align precisely in parallel, with the DNA wrapped
around histone octamers forming 10 nm nucleosome fibrils that are further folded into 30 nm
chromosome fibrils (Ananiev and Barsky, 1985; Schwartz et al., 2001).   A striking feature of
Drosophila polytene chromosomes is the stable and reproducible banding pattern of band and
interband regions (Zhimulev, 1996).  Interband regions are made up of parallel oriented 10 nm
chromosome fibrils loosely aligned whereas in the banded regions 30 nm fibrils are believed to
be packed into a higher order 3-dimensional structure the exact nature of which is still ill-
defined (Schwartz et al., 2001; Zhimulev et al., 2004).  A likely model is that the 30 nm fibrils
are further compacted by forming loops or toroidal structures (Mortin and Sedat, 1982;
Ananiev and Barsky, 1985).   However, little is known about the molecules and molecular
mechanisms (Eggert et al., 2004; Gortchakov et al., 2005) that are responsible for controlling
the establishment and maintenance of polytene chromosome morphology.
With the goal of identifying such molecules we have recently characterized a novel
tandem kinase in Drosophila, JIL-1, that associates with the chromosomes throughout the cell
cycle, localizes specifically to the gene-active interband regions of the larval polytene
chromosomes, phosphorylates histone H3 Ser10, and is enriched almost two-fold on the
transcriptionally hyperactive larval polytene male X chromosome due to its association with
the MSL (male specific lethal) dosage compensation complex (Jin et al., 1999; 2000; Wang et
al., 2001; Zhang et al., 2003).  Analysis of JIL-1 null and hypomorphic alleles showed that JIL-
1 is essential for viability and that reduced levels of JIL-1 protein lead to a global change in
chromosome structure (Wang et al., 2001; Zhang et al., 2003).  In JIL-1 hypomorphs orderly
interband regions of polytene chromosomes are disrupted and the chromosome arms highly
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condensed with the perturbation of the male X chromosome considerably more pronounced
than that of the autosomes (Wang et al., 2001).  These defects are correlated with severely
decreased levels of histone H3 Ser10 phosphorylation providing evidence that JIL-1 is the
predominant kinase regulating the phosphorylation state of this residue at interphase (Wang et
al., 2001).  The histone H3 Ser10 phosphorylation levels as well as the aberrant chromosome
morphology found in JIL-1 mutants can be restored by a JIL-1 transgene (Wang et al., 2001)
strongly suggesting that the JIL-1 kinase is a major regulator of important aspects of polytene
chromosome morphology.
Here we provide an ultrastructural and cytological analysis of the defects in JIL-1
mutant polytene chromosomes.  We show that loss of JIL-1 leads to misalignment of the
interband chromatin fibrils which is further associated with coiling of the chromosomes and an
increase of ectopic contacts between non-homologous regions.  This results in a shortening and
folding of the chromosomes with a non-orderly intermixing of euchromatin and the compacted
chromatin characteristic of banded regions.  The extreme of this phenotype is exhibited by the
male X polytene chromosome where no remnants of coherent banded regions can be observed.
These findings suggest a model where the JIL-1 kinase is necessary for maintaining the parallel
alignment of interband euchromatic chromosome fibrils and for suppressing ectopic contacts
between non-homologous chromosome regions.
MATERIALS AND METHODS
Drosophila stocks
Fly stocks were maintained at 21°C according to standard protocols (Roberts, 1998).
Canton S was used for wild-type preparations.  Balancer chromosomes are described in
Lindsley and Zimm (1992).  The JIL-1z2 and JIL-1z60 alleles are described in Wang et al. (2001)
and in Zhang et al. (2003). The GFP-lacI tethering system is composed of a transgene
expressing a lac repressor DNA binding domain fused with GFP (GFP-lacI) under hsp70
promoter control and a reporter transgene containing 256 copies of lac operator repeats (lacO)
inserted at specific sites on the X chromosome (Belmont, 2001). The GFP-lacI transgenic stock
128.1 and the lac operator repeats transgenic stock 4D5 were the generous gifts of Dr. L.
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Wallrath.  The H2AvDmRFP1 transgene (Pandey et al., 2005) driving expression of histone
H2AvD fused to mRFP1 (Campell et al., 2002) was constructed analogously to the His2AvD-
GFP transgene (Clarkson and Saint, 1999) and generously provided by Dr. S. Heidman.  Third
instar larvae from crosses of lacO; GFP-lacI; JIL-1z2/TM6 Tb Sb e flies were used for
preparing polytene chromosome squash preparations and immunostaining. The animals for live
imaging were third instar larvae obtained by mating lacO; GFP-lacI; JIL-1z2/TM6 Tb Sb e with
lacO; H2AvDmRFP1; JIL-1z2/TM6 Tb Sb e flies.  In both crosses JIL-1z2 homozygous larvae
were identified by their non-Tubby phenotype.
Staining of polytene chromosomes
Polytene chromosome preparation and staining was essentially as in Jin et al. (1999)
and Wang et al. (2001).  Polytene chromosomes from late third instar larvae were first fixed in
3.7% paraformaldehyde for 30 sec, then re-fixed in a solution of 50% glacial acetic acid and
3.7% paraformaldehyde for 2-5 min and squashed.  Double labelings employing
epifluorescence were performed using antibodies against Chromator (mAb 6H11, IgG1) (Rath
et al., 2004), MSL-2 (rabbit antiserum, the generous gift of Drs. M. Kuroda and R. Kelley),
GFP (rabbit antiserum, Molecular Probes), and Hoechst to visualize the DNA.  The appropriate
species and isotype specific Texas Red-, TRITC-, and FITC-conjugated secondary antibodies
(Cappel/ICN, Southern Biotech) were used (1:200 dilution) to visualize primary antibody
labeling.  The final preparations were mounted in 90% glycerol containing 0.5% n-propyl
gallate. The chromosomes were examined under epifluorescence optics using a Zeiss Axioskop
microscope and images were captured and digitized using a high resolution Spot CCD camera
(Diagnostic Instruments).  Confocal microscopy was performed with a Leica confocal TCS NT
microscope system equipped with separate Argon-UV, Argon, and Krypton lasers and the
appropriate filter sets for Hoechst, FITC, Texas Red, and TRITC imaging.  A separate series of
confocal images for each fluorophor of double labeled preparations were obtained
simultaneously with z-intervals of typically 0.5 µm using a PL APO 100X/1.40-0.70 oil
objective.  A maximum projection image for each of the image stacks was obtained using the
ImageJ software (http://rsb.info.nih.gov/ij/). In some cases individual slices or projection
images from only two to three slices were obtained.  Images were imported into Photoshop
where they were pseudocolored, image processed, and merged.  In some images non-linear
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adjustments were made for optimal visualization especially of Hoechst labelings of
chromosomes.
For live imaging of polytene chromosomes third instar larvae salivary glands were
dissected and mounted in physiological saline (110 mM NaCl, 4 mM KCl, 2 mM CaCl2, 10
mM glucose, 10 mM HEPES, pH. 7.4).  In some cases 25-50% glycerol was added to the
physiological saline in order to prevent drift of the preparations.  The larvae were from
transgenic animals carrying the GFP-lacI tethering system as well as the mRFP1 tagged histone
H2AvD transgene in wild-type and JIL-1z2 mutant backgrounds.  Confocal images for each
fluorophor were obtained simultaneously and QuickTime movies of dynamic 3D-
reconstructions were generated using the Leica TCS 3D-reconstruction software.  In addition,
projection images from these reconstructions at a 0° angle were obtained.
Transmission electron microscopy
For ultrastructural studies we prepared polytene chromosome squash preparations of wild-
type and JIL-1z2/JIL-1z2 third instar larvae according to the procedure of Semeshin et al. (2004).  In
brief salivary glands from crawling third instar larvae were dissected in 128 mM NaCl, 4.7 mM
KCl, 1.9 mM CaCl2, fixed in alcohol:acetic acid (3:1) for 20 min, treated with 45% acetic acid for
30 sec, and squashed in 10 µL 45% acetic acid between siliconized cover slips and siliconized
slides. The slides were frozen with liquid nitrogen, the cover slips removed, and immediately
placed in 96% ethanol. After three changes of 96% ethanol the preparations were stained with 2%
uranyl acetate in 70% ethanol for 12-24 h at room temperature or for several days at 4°C.  After
dehydration in absolute alcohol followed by xylene extractions each squash preparation was
embedded in epoxy resin by placing the slide upside-down on a small flat plastic cup filled with
freshly prepared Araldite mixture (Fluka) which was polymerized at 60°C for 24 h.  Following
polymerization, the Araldite blocks were detached from the slides by liquid nitrogen treatment and
removal of the cups. The resulting blocks were examined using phase contrast microscopy for
selecting appropriate regions containing polytene chromosomes. Trimmed blocks with polytene
chromosomes on their surfaces were sectioned using a Leica Reichert Ultracut S ultramicrotome
with a section thickness of approximately 130 nm. The first ten sections from each block were
collected and placed on carbon film coated copper grids (EMS) for analysis using a JEOL JEM-
100CX II transmission electron microscope at 80 kV.
38
RESULTS
Wang et al. (2001) previously provided evidence that loss of the JIL-1 kinase leads to
alterations in the morphology of polytene chromosomes with the most severe defects observed
in the male X chromosome.  However, the precise nature of the morphological changes was not
determined.  Therefore, in order to better understand the underlying causes of these defects we
have performed a detailed ultrastructural and cytological analysis of polytene chromosome
structure in JIL-1 hypomorph and null mutants.  For this analysis we prepared squashes of
polytene chromosomes from JIL-1z2 homozygous null third instar larvae for both light (Fig. 1)
and transmission electron microscopy (TEM) (Fig. 2 and 3) and compared them with squashes
from wild-type larvae.  Figure 2A shows the orderly segregation into interband and more
electron dense banded regions in TEM of wild-type autosomes. In higher resolution
micrographs the loose parallel alignment of the elementary 10 nm chromosome fibrils
(chromatids) was clearly resolved (Fig. 2B).  However, in the absence of JIL-1 protein the
alignment of chromatids in the interbands was disrupted and the arrangement of the chromatids
appeared instead to form a reticulate network (Fig. 2C and D).  This network consisted of
islands of compacted electron dense chromatin scattered among misaligned interband
chromatids with only a few clear band and interband regions discernable (Fig. 2C and D).
Another feature of the phenotype was the folding of the chromosomes with numerous ectopic
contacts connecting non-homologous regions (Fig. 2C and D).  In many cases the
intermingling of non-homologous regions was so extensive that these regions appeared to have
fused together and become confluent (Fig. 2C, arrowheads).  These features observed on the
ultrastructural level correlate well with those seen in regular squash preparations of polytene
chromosomes with the DNA labeled with Hoechst (Fig. 1).  In the JIL-1z2 mutant autosomes of
Fig. 1C and D the shortening of the chromosome arms, the lack of a regular banding pattern,
and the folding and coiling of the chromosome arms are clearly evident.
While remnants of polytene bands could still be observed in JIL-1z2 homozygous
autosomal polytene chromosome arms (Fig. 1C and D) no banded regions were discernable in
the male X chromosome (Fig. 1C).  In addition, the JIL-1 mutant male X chromosome was
considerably wider and did not exhibit the coiling and folding of the autosomes (Fig. 1C).  This
is in contrast to the morphology of the female X chromosome which was indistinguishable
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from that of the autosomes (Fig. 1D).  Figure 3 shows the ultrastructure of the JIL-1z2 mutant
polytene male X chromosome.  The images show that only small patches of electron dense
compacted chromatin were left of the banded regions and that these patches were scattered
among a widely dispersed and loosely connected network of chromosome fibrils.  The latter
were likely to represent the remnants of the euchromatic interband regions.  To further examine
this possibility we double labeled JIL-1z60 mutant and wild-type male X chromosomes with
MSL-2 antibody and with Hoechst.  MSL-2 is a member of the MSL dosage compensation
complex and serves as a marker for euchromatic interband regions (Jin et al., 2000; Wang et
al., 2001) whereas Hoechst labeling is strongest in banded regions of compacted chromatin
(Fig. 4).  However, in the JIL-1z2 mutant X chromosome the MSL-2 and Hoechst labeling was
clearly distributed in an interwoven non-overlapping pattern (Fig. 4).  This suggests that
although overall polytene structure is grossly perturbed, MSL-2 is still localized to euchromatic
regions complementary to the compacted chromatin patches labeled by Hoechst.
In the JIL-1z2 mutant polytene chromosomes the tight parallel alignment of chromatids
is disrupted; however, it is unclear to what degree the alignment along the axis of the
chromosomes is affected.   In order to examine this issue we applied a GFP-lacI tethering
system (Belmont, 2001) which consists of a transgene expressing a lac repressor DNA binding
domain fused with GFP (GFP-lacI) under hsp70 promoter control and a reporter transgene
containing 256 repeat lac operator repeats (lacO) inserted into the 4D5 interband region on the
X chromosome (Danzer and Wallrath, 2004).  When expressed, the GFP-lacI fusion protein
binds to the integrated lac operator DNA sequences thus generating a fluorescent marker for a
specific site on the chromosome.  GFP-lacI can be detected either by anti-GFP polyclonal
antibody in squash preparations (Fig. 5) or by epifluorescence in live polytene nuclei (Fig. 6).
In control (JIL-1z2/TM6) polytene chromosome squashes, the GFP signal is observed as a tight
band reflecting the precise pairing of homologous regions as expected (Fig. 5A and B) whereas
in female JIL-1z2/JIL-1z2 individuals the GFP signal is more dispersed and in many cases
resolves into separate "spots" (Fig. 5D).  JIL-1z2/TM6 larvae could be used as controls since it
has been demonstrated that one copy of JIL-1 is sufficient for maintaining normal viability and
chromosome morphology (Wang et al., 2001; Zhang et al., 2003). In the mutant male X
chromosome the GFP is widely dispersed (Fig. 5C); however, despite the dispersion of the
GFP signal into scattered dots, they are still located within a relatively narrow transverse region
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of the chromosome.  Thus, it appears that while the overall polytene chromatin structure is
severely altered the gross alignment of individual chromosome fibers along the longitudinal
axis of the chromosome is largely maintained.  In order to confirm these results in live polytene
nuclei we created transgenic animals carrying the lacI tethering system as well as a mRFP1
tagged histone H2AvD transgene (H2AvDmRFP1) in control and JIL-1z2 homozygous mutant
backgrounds.  This allowed for the simultaneous visualization of chromatin which incorporates
the H2AvD-mRFP1 fusion protein and the lacO repeats.  Figure 6 shows projection images
from dynamic 3D-reconstructions of confocal sections obtained from live polytene nuclei.  In
control male and female nuclei the polytene chromosomes have a clear banding pattern and the
lacO-repeats form tight discrete bands (Fig. 6A and C).  However, in JIL-1z2 homozygous
mutant nuclei the chromosomes are shortened and coiled and the position of the lacO-repeats
are diffuse and dispersed, closely reflecting the phenotypes observed in male and female
polytene squash preparations (Fig. 6B and C) providing strong evidence that the results
obtained from these preparations were not an artifact of the procedure.
In order to determine the progression of the perturbation of chromosome structure we
double labeled polytene chromosome squashes from male JIL-1 mutants with anti-Chromator
mAb 6H11 (Rath et al., 2004) and with Hoechst (Fig. 7).  Chromator is a chromodomain
containing protein that serves as a marker for euchromatic interband regions of polytene
chromosomes (Rath et al., 2004). To obtain intermediate stages of perturbation of chromosome
morphology we analyzed squashes from homozygous JIL-1z60 third instar larvae salivary
glands.  In JIL-1z60/JIL-1z60 hypomorphs only 3% of wild-type JIL-1 protein is present (Wang et
al., 2001) and polytene chromosomes from third instar larvae exhibit a range of phenotypes
from moderately perturbed to near that of the homozygous JIL-1z2 null allele.  The sequence of
squashes illustrated in Fig. 7 shows the progressive shortening and folding of the autosomes
with a non-orderly intermixing of euchromatin labeled with mAb 6H11 and the compacted
chromatin labeled with Hoechst.  The male X chromosome which only contains half the
chromatin of the autosomes but has the same width in wild-type preparations (Gorman and
Baker, 1994) also shortens; however, instead of coiling and folding it becomes progressively
wider resulting in its characteristic "puffed" morphology (Fig. 7).
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DISCUSSION
In this study we have examined the ultrastructural and cytological defects of polytene
chromosomes in JIL-1 hypomorphs and nulls.  We show that all autosomes and the female X
chromosome are similarly affected, whereas the defects in the male X chromosome are
qualitatively different.  To account for the observed phenotypes we propose a model in which
JIL-1 functions to establish or maintain the parallel alignment of interband chromosome fibrils
as well as to repress the formation of contacts and intermingling of non-homologous chromatid
regions.  In this hypothesis loss of JIL-1 in autosomes and the female X chromosome leads to
misalignment of the interband chromatin fibrils that is associated with an increase of ectopic
contacts between non-homologous regions (Fig. 8).  This results in an abnormal coiling and
folding of the chromosomes with an intermixing of euchromatin and the compacted chromatin
characteristic of banded regions which in many cases are broken up into scattered patches (Fig,
8).  The intermingling of non-homologous regions may be so extensive that these regions
become fused and confluent further shortening the chromosome arms.  Ectopic pairing of non-
homologous polytene chromosomal regions can also be observed in wild-type preparations
especially among telomeric and heterochromatic regions of chromosomes (Barr and Ellison,
1972; Ananiev and Barsky, 1985).  However, such occurrences in wild-type are infrequent
(Ananiev and Barsky, 1985) and considerably less extensive than those observed here in
homozygous JIL-1z2 null polytene chromosomes.
In JIL-1 mutant backgrounds coiling and folding of the male X polytene chromosome
is not observed.  Furthermore, no banded regions were discernable in JIL-1z2 null polytene
chromosomes as only small patches of electron dense compacted chromatin were left of the
banded regions and these patches were scattered among a widely dispersed and loosely
connected network of euchromatic chromatin fibrils.  Therefore, the shortening of the male X
chromosome appears not to be caused by coiling and fusion of non-homologous regions but
rather by increased dispersal of the chromatin into a diffuse and progressively widening
network (Fig. 8).  These results are likely to reflect an inherent difference in the structure of the
male X chromosome as compared to autosomes and the female X chromosome. One possibility
is that the difference in chromosome structure may be linked to the increased transcriptional
activity of the male X which correlates with a more open chromosome architecture, such that
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despite the fact that it contains half the DNA content, the normal male X chromosome has the
same width as the paired female X chromosome and the autosomes (Gorman and Baker, 1994).
This more open chromatin structure is likely to be maintained by the activity of the MSL
dosage compensation complex and the MOF histone acetyltransferase (Bone et al., 1994;
Hilfiker et al., 1997).  This leads to hyperacetylation of histone H4 and this particular
chromatin modification thus has the potential to provide a basis for the different chromatin
structure of the male X chromosome as compared to the female X and the autosomes observed
in JIL-1 mutant backgrounds.
The phenotype of male X polytene chromosomes in JIL-1 mutants resembles that of the
puffed chromosomes previously referred to as "pompons" (reviewed in Zhimulev, 1996). The
"pompons" are formed more frequently by the male X chromosome and can even occur during
normal development (Zhimulev, 1996). They have also been observed with high frequency in
certain mutant backgrounds such as in the In(l)BM2(rv) strain (Ghosh and Mukherjee, 1987)
and in ISWI mutations (Deuring et al., 2000).  ISWI is an ATPase that is the catalytic subunit of
three chromatin remodeling complexes: NURF, CHRAC, and AFC (Deuring et al., 2000). The
clear puffed appearance of the male X chromosome as compared to autosomes in ISWI
mutations provides further evidence that unique structural features of the male X chromosome
may make it differentially responsive to alterations in the activity of regulators of chromatin
structure such as ISWI and JIL-1. Interestingly, even with the striking changes in chromatin
structure of the male X "pompon" polytene chromosome and the autosomes in JIL-1 mutant
backgrounds its effects on viability of the larvae may be limited.  Polytene chromosomes from
JIL-1h9/JIL-1z2 hetero allelic larvae have the same severely perturbed polytene chromosome
morphology as JIL-1z2 homozygous polytene chromosomes, yet nearly one-third of JIL-1h9/JIL-
1z2 larvae pupate into viable, albeit sterile, adults (Zhang et al., 2003).
Although the Drosophila polytene chromosome has served as a widely used model for
studying chromatin structure, remarkably little is known about its spatial organization or about
the molecular basis for the conjugation of homologous chromatids in the process of
polytenization (Ananiev and Barsky, 1986; Schwartz et al., 2001).  Ultrastructural studies have
supported the notion that continuous DNA molecules extend through the entire length of a
polytene chromosome and that the nucleosome structure exists both in bands and interbands
(Ananiev and Barsky, 1986).  Furthermore, analysis of salivary gland chromosomes from first
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and second instar larvae at low levels of polyteni show that interband chromatids are oriented
parallel to the axis of the polytene chromosome without any apparent lateral association
between them (Ananiev and Barsky, 1986). This implies that interchromatid cohesion is
generated in the banded regions of compacted chromatin which in many cases form continuous
structures spanning the entire width of the chromosome (Ananiev and Barsky, 1986).  The JIL-
1 kinase phosphorylates histone H3 Ser10 in interband regions (Wang et al., 2001) and in the
absence of JIL-1 the alignment of interband chromatids becomes disrupted into forming
reticulate networks.  This suggests a molecular mechanism where phosphorylation of histone
H3 Ser10 in the interband regions serves to repulse the association with other chromatids
thereby preventing their intermingling.  However, considering the complexity of the structure
of polytene chromosomes this may represent an oversimplification.  For example, with loss of
JIL-1 the coherence and organization of bands also seems to be affected although JIL-1 is not
present in these regions.  It is therefore possible that JIL-1 activity may affect the function of
other molecules important for maintaining chromatin structure such as boundary elements
which help to regulate the segregation of chromatin into euchromatin and higher order
compacted chromatin (West et al., 2002).  Thus, future studies will be necessary to further
clarify JIL-1's role in these aspects of establishing or maintaining polytene chromosome
structure.
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FIGURE LEGENDS
Fig. 1A-D  Reduced levels of JIL-1 kinase have a severe effect on the structure and
organization of male and female larval polytene chromosomes.  Polytene chromosome
preparations from third instar larvae were labeled with Hoechst to visualize the chromatin.
Preparations are shown from wild-type (wt) male (A) and female (B) larvae and from male (C)
and female (D) homozygous JIL-1z2 larvae (z2/z2).  Note the misalignment and intermixing of
interband and banded regions and the extensive coiling and folding of the chromosome arms in
JIL-1z2/JIL-1z2 mutant chromosomes (C, D).  The male X chromosome (X) is particularly
affected and no remnants of banded regions are discernable (C).
Fig. 2A-D  Ultrastructure of polytene chromosomes.  (A, B)  TEM micrographs of
wild-type polytene autosomes.  In (B) banded regions are indicated by arrows and interband
regions by arrowheads.  Note the orderly segregation into bands and interbands and the parallel
alignment of euchromatic chromatid fibrils.  (C, D) Autosomes from JIL-1z2/JIL-1z2  (z2/z2)
polytene salivary gland nuclei.  The micrograph in (C) shows a coiled autosome with extensive
ectopic contacts (arrowheads) between the folds.  The euchromatic chromatids are misaligned
and intermixed with scattered patches of compacted chromatin.  A few remnants of
recognizable banded regions are still present (arrows).  The micrograph in (D) shows the
intermingling of euchromatin and patches of compacted heterochromatin at a higher
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magnification.  The arrow indicate ectopic contacts between non-homologous regions of the
folded polytene chromosome.  All scale bars equal 1 mm.
Fig. 3A-B  Ultrastructure of the male X polytene chromosome in JIL-1z2/JIL-1z2 mutant
larvae.  No banded regions are discernable; only small scattered patches of electron dense
compacted chromatin (arrows in B) widely dispersed among a loosely connected network of
euchromatic chromatid fibrils can be observed.  Scale bar equals 5 mm in (A) and 1 mm in (B).
Fig. 4  Comparison of the distribution of band and interband chromatin in wild-type
and JIL-1 mutant male X polytene chromosomes.  The left panels show a wild-type (wt) male
X chromosome (X) double labeled with MSL-2 antibody (red) and Hoechst (DNA in green)
whereas the right panels show the same double labeling of a JIL-1z60/JIL-1z60 (z60/z60) mutant
male X polytene chromosome that has the typical "puffed" morphology.  MSL-2 serves as a
marker for euchromatic interband regions on the male X chromosome whereas Hoechst labels
more strongly in banded regions of compacted chromatin.  In the JIL-1z60/JIL-1z60 mutant X
chromosome the orderly segregation into banded regions observed in wild-typew (left panels)
is completely absent and the MSL-2 and Hoechst labeling distributed into an interwoven non-
overlapping pattern.
Fig. 5A-D  Localization of GFP-lacI fusion protein targeted to 256 lacO repeats
inserted into the 4D5 interband region of polytene X chromosomes.  (A, B)  JIL-1z2/TM6
female and male polytene X chromosomes (X) have wild-type morphology (con) and the lacO
repeats form a sharp band indicating registered alignment of the chromatin fibrils.  (C) In JIL-
1z2 homozygous male X chromosomes the lacO repeats are widely dispersed; however, despite
the dispersal their relative positions are clearly still within a defined region.  (D) In JIL-1z2
homozygous female X chromosomes the lacO repeats are more tightly aligned forming a
discrete band with only minor dispersal.  The preparations are polytene squashes labeled with
GFP antibody (in green) and Hoechst (in red).
Fig. 6A-D  Localization of GFP-lacI fusion protein targeted to 256 lacO repeats
inserted into the 4D5 interband region of polytene X chromosomes in live salivary gland
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nuclei.  (A, C)  JIL-1z2/TM6 female and male polytene X chromosomes (X) have wild-type
morphology (con) and the lacO repeats form a well defined band.  (B) In JIL-1z2 homozygous
male X chromosomes the lacO repeats are dispersed; however, as in polytene squash
preparations their relative positions are within a defined region.  (D) In JIL-1z2 homozygous
female X chromosomes the lacO repeats are more tightly aligned forming a band with only
minor dispersal.  The micrographs are from projection images obtained from 3D-
reconstructions of confocal sections obtained from live polytene nuclei from transgenic larvae
carrying the lacI tethering system (in green) as well as a mRFP1-tagged histone H2AvD
transgene (in red).  QuickTime movies of the dynamic 3D-reconstructions of these preparations
are provided in the supplement.
Fig. 7  Progression of the perturbation of polytene chromosome structure in male JIL-1
mutant larvae.  The squash preparations were double labeled with Chromator antibody (red)
and with Hoechst (green).  Chromator is a marker for euchromatic interband regions and in
contrast to JIL-1 is not upregulated on the male X chromosome (Rath et al., 2004).  The top
panel shows a wild-type (wt) squash preparation whereas the two middle panels show
examples of squashes from larvae homozygous for the severely hypomorphic allele JIL-1z60
(z60/z60).  The bottom panel shows a squash preparation from a homozygous JIL-1z2 larvae
(z2/z2).  Note the progressive shortening of the autosomal chromosome arms due to coiling and
intermingling of band and interband regions.  As the male X chromosome shortens it becomes
wider and all remnants of banded regions are lost.  The composite images (comp) are shown to
the left.
Fig. 8A-E  Model for alterations in polytene chromosome structure in JIL-1 null and
hypomorphs.  (A) In wild-type (wt) autosomes and the female X chromosome homologous
chromatids are aligned into euchromatic interband regions (parallel lines) and into banded
regions with higher order compacted chromatin (represented by coils).  (B) Loss of JIL-1
(z2/z2) leads to misalignment of the interband chromatid fibrils as well as to intermixing of
euchromatic regions and patches of compacted chromatin.  (C) The misalignment results in
coiling and folding of the chromosomes which is further associated with the formation of
ectopic contacts and intermingling of non-homologous chromatid regions.  (D) The normal
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male X polytene chromosome (wt) has the same basic structure as the autosomes except for the
fact that although it has the same width as an autosome it contains only half the DNA implying
a less compressed alignment of the chromatids.  (E) With loss of JIL-1 (z2/z2) the male X
chromosome does not coil or fold; rather the misalignment of the euchromatic chromatid
regions leads to a widely dispersed network of scattered compacted chromatin patches.  No
banded regions are left and the widening of the chromosome is associated with a considerable
shortening leading to its characteristic "puffed" appearance.   The diagrams are based on the
ribbon-like model for polytene chromosome structure of Ananiev and Barsky (1985).
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CHAPTER 3.  THE JIL-1 HISTONE H3S10 KINASE
REGULATES DIMETHYL H3K9 MODIFICATIONS AND
HETEROCHROMATIC SPREADING IN DROSOPHILA
A paper published in Development
Weiguo Zhang, Huai Deng, Xiaomin Bao, Stephanie Lerach, Jack Girton,
Jørgen Johansen and Kristen M. Johansen
SUMMARY
In this study we show that a reduction in the levels of the JIL-1 histone H3S10 kinase
results in the spreading of the major heterochromatin markers dmH3K9 and HP1 to ectopic
locations on the chromosome arms with the most pronounced increase on the X chromosomes.
Genetic interaction assays demonstrated that JIL-1 functions in vivo in a pathway that includes
Su(var)3-9 which is a major catalyst for dimethylation of the histone H3K9 residue, HP1
recruitment, and formation of silenced heterochromatin.  We further provide evidence that JIL-
1 activity and localization are not affected by the absence of Su(var)3-9 activity suggesting that
JIL-1 is upstream of Su(var)3-9 in the pathway.  Based on these findings we propose a model
where JIL-1 kinase activity functions to maintain euchromatic regions by antagonizing
Su(var)3-9 mediated heterochromatization.
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INTRODUCTION
Higher order chromatin structure is important for epigenetic regulation and control of
gene activation and silencing.  In eukaryotes a considerable proportion of the genome is
packaged into constitutive heterochromatin or facultative heterochromatin that represents
transiently condensed and silenced euchromatin (Schotta et al., 2003).  Formation of
heterochromatin and repression of transcription involves covalent modifications of histone tails
and/or the exchange of histone variants (Swaminathan et al., 2005).  Current evidence suggests
that a major pathway in the establishment of heterochromatin is initiated by the RNAi
machinery which marks prospective heterochromatic regions (Volpe et al., 2002; Pal-Bhadra et
al., 2004; Verdel et al., 2004).  This leads to deacetylation of histone H3K9 followed by
dimethylation of this residue and recruitment of HP1 (Lachner et al., 2001; Nakayama et al.,
2001; Ebert et al., 2004).  Thus, dimethylation of histone H3K9 and the presence of HP1 serve
as major chromatin modification marks for the presence of transcriptionally silenced chromatin
(Fischle et al., 2003; Swaminathan et al., 2005).  However, it should be noted that HP1 recently
has been demonstrated to also play a role in euchromatic gene regulation that is not linked to
histone H3K9 dimethylation (Piacentini et al., 2003; Cryderman et al., 2005).
Ebert et al. (2004) recently identified the Su(var)3-1 mutations as alleles of the JIL-1
locus that antagonize the expansion of heterochromatin formation in Drosophila.  JIL-1 is a
tandem kinase that localizes specifically to euchromatic interband regions of polytene
chromosomes (Jin et al., 1999). Analysis of JIL-1 null and hypomorphic alleles showed that
JIL-1 is essential for viability and that reduced levels of JIL-1 protein lead to a global
disruption of chromosome structure (Jin et al., 2000; Wang et al., 2001; Zhang et al., 2003,
Deng et al., 2005). These defects are correlated with severely decreased levels of histone
H3S10 phosphorylation (pH3S10) providing evidence that JIL-1 is the predominant kinase
regulating the phosphorylation state of this residue at interphase (Wang et al., 2001).  However,
since the Su(var)3-1 alleles generate proteins with COOH-terminal deletions that are dominant
gain-of-function mutations the experiments of Ebert et al. (2004) did not directly address JIL-
1's normal function. In this study we show that the reduction in JIL-1 protein levels and histone
H3S10 phosphorylation caused by hypomorphic or null loss-of-function alleles of the JIL-1
locus results in the spreading of the major heterochromatin markers dmH3K9 and HP1 to
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ectopic locations on the chromosome arms with the most pronounced increase on the X
chromosomes.  Furthermore, genetic interaction assays demonstrated that JIL-1 functions
antagonistically to Su(var)3-9 which is the major catalyst for dimethylation of the histone
H3K9 residue (Schotta et al., 2002).  These findings suggest a model where JIL-1 kinase
activity functions to mark euchromatic domains and counteract heterochromatization and gene
silencing at ectopic locations by Su(var)3-9 mediated histone H3K9 dimethylation and HP1
recruitment.
MATERIALS AND METHODS
Drosophila stocks
Fly stocks were maintained according to standard protocols (Roberts, 1998).  Canton-S
was used for wild-type preparations.  The JIL-1z2, JIL-1z60, and JIL-1h9 alleles are described in
Wang et al. (2001) and in Zhang et al. (2003). The GFP-lacI transgenic stock 128.1, and the lac
operator repeats transgenic stock 4D5 were the generous gifts of Dr. L. Wallrath.  The
application of the GFP-lacI and lac operator repeat stocks for X chromosome identification in
JIL-1 mutant backgrounds is described in Deng et al. (2005).  Su(var)3-13/TM3 Sb Ser stocks
were obtained from the Bloomington Stock Center, whereas the Su(var)3-91 and Su(var)3-92
stocks were from the Umeå Stock Center.  The molecular lesion of Su(var)3-13 was determined
by PCR mapping and sequencing as described in Zhang et al. (2003).  Recombinant JIL-1z60
Su(var)3-91 chromosomes were identified by generating recombinants as described in Ji et al.
(2005) except that the dominant Su(var)3-91 phenotype was selected for in a wm4 background
and the presence of JIL-1z60 was confirmed by PCR as in Zhang et al. (2003).  Balancer
chromosomes and markers are described in Lindsley and Zimm (1992).
Immunohistochemistry
Third instar salivary gland "smush" preparations of polytene nuclei were prepared
essentially as in Wang et al. (2001). Polytene chromosome squash preparations were performed
as in Kelley et al. (1999) using the 5 minutes fixation protocol and labeled with antibody as
described in Jin et al. (1999).  Primary antibodies used include:  affinity purified Hope rabbit
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antiserum raised against JIL-1 residues 886-1013 (Jin et al., 1999); anti-tubulin mAb (Sigma),
histone H3 goat antiserum (Santa Cruz), phospho-histone H3S10 rabbit antiserum (Upstate
Biotechnology), dmH3K9 rabbit antiserum (Upstate Biotechnology); anti-HP1 mAb C1A9
(Developmental Studies Hybridoma Bank, University of Iowa); anti-MSL-1 rabbit antiserum
(generous gift of Drs. M. Kuroda and R. Kelley); and anti-GFP chicken IgY (Aves Lab).  DNA
was visualized by staining with Hoechst 33258 (Molecular Probes) in PBS.  The appropriate
species- and isotype- specific Texas Red-, TRITC-, and FITC-conjugated secondary antibodies
(Cappel/ICN, Southern Biotech) were used (1:200 dilution) to visualize primary antibody
labeling.  The final preparations were mounted in 90% glycerol containing 0.5% n-propyl
gallate. The preparations were examined using epifluorescence optics on a Zeiss Axioskop
microscope and images were captured and digitized using a high resolution Spot CCD camera.
Confocal microscopy was performed with a Leica confocal TCS NT microscope system
equipped with separate Argon-UV, Argon, and Krypton lasers and the appropriate filter sets for
Hoechst, FITC, Texas Red, and TRITC imaging.  A separate series of confocal images for each
fluorophor of double labeled preparations were obtained simultaneously with z-intervals of
typically 0.5 µm using a PL APO 100X/1.40-0.70 oil objective.  A maximum projection image
for each of the image stacks was obtained using the ImageJ software
(http://rsb.info.nih.gov/ij/). In some cases individual slices or projection images from only two
to three slices were obtained. Images were imported into Photoshop where they were
pseudocoloured, image processed, and merged.  In some images non-linear adjustments were
made for optimal visualization of Hoechst labeling of chromosomes.
Immunoblot Analysis
Immunoblot analysis was performed as described in Wang et al. (2001) and Zhang et
al. (2003) using extracts from third-instar larvae of the specified genotype.  For quantification
of immunolabeling, digital images of exposures of immunoblots on Biomax ML film (Kodak)
were  analyzed using the ImageJ software as previously described (Wang et al., 2001).  In these
images the grayscale was adjusted such that only a few pixels in the wild type lanes were
saturated.  The area of each band was traced using the outline tool and the average pixel value
determined.  Levels in mutant larvae were determined as a percentage relative to the level
determined for wild type control larvae using tubulin or histone H3 levels as a loading control.
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RESULTS
Decreased JIL-1 activity results in ectopic spreading of histone H3K9 dimethylation and
HP1.
To investigate the distribution of heterochromatin in JIL-1 mutant backgrounds we
labeled Drosophila polytene squash preparations with an antibody specific to the histone H3K9
dimethylation  (dmH3K9) heterochromatin marker (Jacobs et al., 2001; Delattre et al., 2004;
Ebert et al., 2004) (Fig. 1A-D).  In wild-type preparations histone H3K9 dimethylation is found
at the chromocenter, in a banded pattern on the fourth chromosome, and in a few locations on
the chromosome arms (Delattre et al., 2004; Ebert et al., 2004) (Fig. 1A). However, in the JIL-
1z2/JIL-1h9 mutant background there was a striking spreading of histone H3K9 dimethylation to
the chromosome arms that was most pronounced on the X chromosome (Fig. 1B).  The same
distribution was also observed in squash preparations from both male and female JIL-1z2
homozygous null larvae (Fig. 1C, D).  In addition to the changes in the distribution of the
histone H3K9 dimethylation marker, JIL-1 mutant polytene chromosomes exhibit a range of
morphological defects as previously described by Wang et al. (2001) and Deng et al. (2005).
There is a shortening and folding of the chromosomes with a non-orderly intermixing of
euchromatin and the compacted chromatin characteristic of banded regions (Fig. 1B-D). The
extreme of this phenotype is exhibited by the male X polytene chromosome where no remnants
of coherent banded regions can be observed (Deng et al., 2005) (Fig. 1B, C).
In order to determine the degree of changes in the levels of chromatin modification
markers in JIL-1 mutant backgrounds we analyzed immunoblots of protein lysates from wild-
type, JIL-1z2/JIL-1h9, and JIL-1z2/JIL-1z2 third instar larvae.  The immunoblots were probed with
anti-pH3S10, anti-dmH3K9, anti-histone H3, and anti-tubulin antibodies.  As illustrated in Fig.
1E both JIL-1z2/JIL-1h9 (15.2±4.0%, n=4) and JIL-1z2/JIL-1z2 (9.4%±5.0%, n=6) mutants
showed greatly reduced levels of phosphorylated histone H3S10 compared to that in wild-type
larvae indicating that JIL-1z2/JIL-1h9 has the properties of a strong hypomorph.  In contrast, the
levels of both dimethylated histone H3K9 and HP1 were at or near wild-type levels (Fig. 1E).
In the JIL-1z2/JIL-1z2 null background dmH3K9 was at 109.0±31.0% (n=9) of wild-type level
and HP1 was at 99.3±17.8% (n=9).  Thus, in JIL-1 mutant backgrounds the level of
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phosphorylated histone H3S10 was dramatically reduced whereas the levels of the
heterochromatin markers dmH3K9 and HP1 were unaffected.
It has been demonstrated that dimethylation of histone H3K9 leads to recruitment of
HP1 and that these two marks are colocalized at heterochromatic sites (Lachner et al., 2001;
Nakayama et al., 2001; Schotta et al., 2002).  We therefore performed double labelings with
antibodies to these markers to determine whether HP1 also spread to the same ectopic locations
as the dmH3K9 mark in JIL-1 mutant backgrounds.  For these experiments we used the
polytene salivary gland "smush" preparation that employs a modified whole mount staining
technique first described by Wang et al. (2001).  This preparation does not afford the resolution
of regular squash preparations; however, it has the advantage that it avoids the acetic acid
treatment which in our experience can adversely affect the quality and reproducibility of
antibody labelings.  Figure 2A and B show polytene nuclei from male and female wild-type
and JIL-1z2/JIL-1z2 third instar larvae labeled with anti-HP1 and anti-dmH3K9 antibodies and
with Hoechst to visualize the DNA.  In wild-type nuclei the dmH3K9 mark and HP1 were
colocalized with the labeling largely confined to the chromocenter whereas in JIL-1z2/JIL-1z2
mutants both marks had spread to ectopic locations in an overlapping pattern with the highest
levels found on the X chromosomes.  To verify that it indeed was the X chromosome that
showed the most pronounced increase we performed double labelings with anti-HP1 and anti-
MSL-1 antibodies.  MSL-1 is a member of the MSL (male specific lethal) dosage
compensation complex and is found only on the male X chromosome (Kuroda et al., 1991;
Kelly and Kuroda, 1995).  Figure 2C shows that apart from the chromocenter there is no
significant level of HP1 on the wild-type male X chromosome whereas it is clearly distributed
on the male X chromosome in JIL-1z2/JIL-1z2 mutant nuclei.  In order to verify the distinct
increase on the female X chromosome in JIL-1z2/JIL-1z2 mutants we labeled polytene squash
preparations from the transgenic line 4D5 (Danzer and Wallrath, 2004), which contains lac
operator repeats integrated onto the X chromosome that can be detected by GFP-lacI binding
(Belmont, 2001; Deng et al., 2005), with anti-dmH3K9 and anti-GFP antibodies.  The labeling
in Fig. 2D demonstrates that the ectopic spreading of dmH3K9 in females is preferentially
located on the X chromosome.
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JIL-1Su(var)3-1 alleles act differently from JIL-1 loss-of-function alleles.
Ebert et al. (2004) recently demonstrated that JIL-1 Su(var)3-1 alleles are dominant
gain-of-function mutations that are likely to antagonize the expansion of heterochromatin.
However, in contrast to JIL-1 loss-of-function alleles, JIL-1Su(var)3-1 homozygous mutants exhibit
no change in the distribution of the heterochromatin marker dmH3K9 or in histone H3S10
phosphorylation (Ebert et al., 2004).  We confirmed these results in heteroallelic mutants with
only one copy of JIL-1Su(var)3-1[3] together with the null JIL-1z2 allele (Fig. 3).  The JIL-1Su(var)3-1[3]
allele is a point mutation that introduces a premature in-frame stop codon leading to a JIL-1
protein with a 166 aa truncation of the COOH-terminal domain.  In order to determine the
distribution of the truncated JIL-1Su(var)3-1[3] protein in relation to other chromatin constituents we
double-labeled polytene squashes from JIL-1z2/JIL-1Su(var)3-1[3] larvae with either anti-dmH3K9
or anti-MSL-1 antibody and with anti-JIL-1 antibody (Fig. 3A-C).  Figure 3A shows that one
copy of the JIL-1Su(var)3-1[3] allele is sufficient to prevent ectopic spreading of the dmH3K9 mark
which is localized at the chromocenter as in wild-type preparations.  Interestingly, one copy of
the JIL-1Su(var)3-1[3] allele is also sufficient to largely rescue the abnormal chromosome
morphology of JIL-1  null mutants including the male X chromosome.  This is despite the
finding that the JIL-1Su(var)3-1[3] protein is mislocalized on the chromosomes as compared to wild-
type JIL-1.  Figure 3A, B shows that while the JIL-1Su(var)3-1[3] protein is associated with the
chromosomes, the antibody labeling is diffuse, does not define clear banded regions, and
overlaps with Hoechst labeled banded regions, a distribution never observed for the wild-type
JIL-1 protein (Jin et al., 1999, Wang et al., 2001).  Furthermore, the JIL-1Su(var)3-1[3] protein is not
upregulated on the male X chromosome (Fig. 3B) and is present along the chromosome arms at
ectopic locations.  This is shown at higher magnification in Fig. 3C in a double labeling with
JIL-1 and MSL-1 antibodies.  In wild-type preparations MSL-1 and JIL-1 are colocalized on
the male X chromosome (except for the telomere) (Jin et al., 2000); however, as indicated by
the arrows in Fig. 3C the JIL-1Su(var)3-1[3] protein is associated with many regions of the X
chromosome not labeled by MSL-1 antibody.  Immunoblot analysis of protein lysate from
wild-type, JIL-1z2/+, and JIL-1z2/JIL-1Su(var)3-1[3] larvae show that the level of histone H3S10
phosphorylation in JIL-1z2/JIL-1Su(var)3-1[3] mutants is comparable to that of JIL-1z2/+ larvae
suggesting that JIL-1Su(var)3-1[3] mutants have normal JIL-1 kinase activity (see also Ebert et al.,
2004).  Taken together these data suggest that the COOH-terminal domain of JIL-1 is required
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for proper chromosome localization and indicate that the dominant gain-of-function-effect of
the JIL-1Su(var)3-1[3] allele (Ebert et al., 2004) may be attributable to JIL-1 kinase activity at
ectopic locations.
JIL-1 functions in the same pathway as Su(var)3-9 which encodes the major histone
methyltransferase for histone H3K9 dimethylation in Drosophila.
Su(var)3-9, a histone methyltransferase (Rea et al., 2000; Shotta et al., 2002); Su(var)2-
5, HP1 (Eissenberg and Elgin, 2000); and Su(var)3-7 (Delattre et al., 2004), a 1169 aa zinc-
finger protein are all inherent components of heterochromatin in Drosophila (Ebert et al.,
2004).  These proteins physically interact and in a genetic hierarchy Su(var)3-9 is epistatic to
the other two genes (Schotta et al., 2002; Ebert et al., 2004).  Furthermore, Su(var)3-9 has been
shown to catalyze most of the dimethylation of the histone H3K9 residue (Schotta et al., 2002).
We therefore performed immunolocalization and genetic interaction studies with the Su(var)3-
91 and Su(var)3-92 loss-of-function alleles (Reuter et al., 1986; Tschiersch et al., 1994) in order
to determine whether Su(var)3-9 also controls JIL-1 activity.  However, in polytene squashes
from Su(var)3-91/Su(var)3-92 heteroallelic larvae, JIL-1 localization in both male and female
chromosomes was indistinguishable from wild-type chromosomes (Fig. 4A-D).  By
immunoblot analysis of protein extracts from Su(var)3-91/Su(var)3-92 heteroallelic larvae we
verified that the dmH3K9 level indeed was dramatically reduced (Fig. 4E).  The data further
indicate that histone H3S10 phosphorylation is at wild-type levels in this mutant background
(Fig. 4E).  These results suggest that JIL-1 activity and localization are not affected by the
absence of Su(var)3-9 activity which is in contrast to the finding that the distribution of
Su(var)3-9 methyltransferase activity is altered in JIL-1 null or hypomorphic mutants.
To determine whether Su(var)3-9 and JIL-1 genetically interact in the same pathway in
vivo we explored interactions between mutant alleles of Su(var)3-9 and JIL-1 by generating
double mutant individuals.  Since Su(var)3-9 and JIL-1 both are located on the third
chromosome we first recombined the Su(var)3-91 allele onto the JIL-1z60 chromosome.
Subsequently, JIL-1z60 Su(var)3-91/TM6 Sb Tb males were crossed with JIL-1z2/TM6 Sb Tb
virgin females generating JIL-1z2/JIL-1z60 Su(var)3-91 progeny identified as non-Sb.  In control
experiments in which Su(var)3-9 activity was not altered, we crossed JIL-1z60/TM6 Sb Tb males
with JIL-1z2/TM6 Sb Tb virgin females generating JIL-1z2/JIL-1z60 progeny.  JIL-1z2 is a null
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allele and JIL-1z60 is a strong hypomorph producing less than 0.3% the levels of JIL-1 wild-
type protein resulting in semi-lethality of this heteroallelic combination (Wang et al., 2001;
Zhang et al., 2003).  Consequently, in the control crosses we observed only one fly of the JIL-
1z2/JIL-1z60 genotype out of a total of 871 eclosed flies.  However, in the double mutant
combination (JIL-1z2/JIL-1z60 Su(var)3-91) with one copy of the Su(var)3-91 allele the number
of surviving flies with the JIL-1z2/JIL-1z60 genotype increased dramatically to 243 out of a total
of 789 eclosed flies.   In this cross 1/3 of the eclosed flies would be expected to be of the JIL-
1z2/JIL-1z60 Su(var)3-91 genotype assuming full rescue indicating that the reduction of
Su(var)3-9 activity in these animals resulted in a 92% viability rate compared to a rate of 0.3%
for JIL-1z2/JIL-1z60 flies without the reduction in Su(var)3-9 activity.  Consistent with the
observed rescue of viability there was no detectable spreading of histone H3K9 dimethylation
to ectopic locations in polytene squashes from JIL-1z2/JIL-1z60 Su(var)3-91 larvae and the
morphology of the polytene chromosomes was markedly improved (Fig. 4F).
Taken together these results suggest that JIL-1 is in the same pathway as Su(var)3-9 in
vivo and that JIL-1 functions to establish or maintain euchromatic chromosome regions by
antagonizing heterochromatization mediated by Su(var)3-9-catalyzed dimethylation of histone
H3K9.  Furthermore, the data indicate that the lethality as well as some of the chromosome
morphology defects observed in JIL-1 null or hypomorphic mutant backgrounds may be the
result of ectopic Su(var)3-9 activity.
DISCUSSION
In this study we show that a reduction in the levels of the JIL-1 histone H3S10 kinase
results in the spreading of the major heterochromatin markers dmH3K9 and HP1 to ectopic
locations on the chromosome arms with the most pronounced increase on the X chromosomes.
However, overall levels of the dmH3K9 mark and HP1 were unchanged suggesting that the
spreading is accompanied by a reduction in the levels of pericentromeric heterochromatin in
JIL-1 hypomorphic mutant backgrounds.  Genetic interaction assays demonstrated that JIL-1
functions in vivo in a pathway with Su(var)3-9 which is a major catalyst for dimethylation of
the histone H3K9 residue, HP1 recruitment, and formation of silenced heterochromatin
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(Schotta et al., 2002).  We further provide evidence that JIL-1 activity and localization are not
affected by the absence of Su(var)3-9 activity suggesting that JIL-1 is upstream to Su(var)3-9
in this pathway.  Based on these findings we propose a model where JIL-1 functions in a novel
pathway to establish or maintain euchromatic regions by antagonizing Su(var)3-9 mediated
heterochromatization.
According to the histone code hypothesis (Strahl and Allis, 2000) and the recently
proposed binary switch model (Fischle et al., 2003) phosphorylation of a site adjacent to a
methyl mark that engages an effector molecule may regulate its binding.  JIL-1 phosphorylates
the histone H3S10 residue in euchromatic regions of polytene chromosomes (Jin et al., 1999;
Wang et al., 2001) raising the possibility that this phosphorylation at interphase prevents
recruitment of Su(var)3-9 and/or dimethylation of the neighboring K9 residue.  This in turn
would affect the binding of HP1, thus antagonizing the formation of silenced heterochromatin
at interbands. That different regions of chromatin may have different combinations of
posttranslational modifications controlling effector/histone interactions as predicted by the
histone code hypothesis (Strahl and Allis, 2000) is underscored by the finding that in JIL-1 null
backgrounds the level of the dmH3K9 mark and HP1 are preferentially increased on the male
and female X chromosomes.  It is well documented that the male X chromosome is unique
because of the activity of the MSL dosage compensation complex and the MOF histone
acetyltransferase which leads to hyperacetylation of histone H4 (Bone et al., 1994; Hilfiker et
al., 1997). However, comparable markers for the female X chromosome have yet to be
discovered and our results are the first indication that markers may exist that distinguish male
and female X chromosomes from autosomes and that this difference may increase the affinity
for Su(var)3-9. That the spreading of heterochromatic markers in the absence of JIL-1 occurs
on both the male and female X chromosome further indicates that these changes are
independent of dosage compensation processes.
Unfortunately, in this study we could not directly address the possibility that the
observed spreading of heterochromatin markers occurred preferentially to specific euchromatic
sites.  In JIL-1 null and hypomorphic backgrounds chromosome morphology is greatly
perturbed and there is an intermixing of not only euchromatin and the compacted chromatin
characteristic of banded regions but also of non-homologous chromatid regions which become
fused and confluent (Deng et al., 2005).   Thus, we cannot rule out as an alternative hypothesis
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that JIL-1 activity may regulate boundary elements (West et al., 2002) that control the
spreading of heterochromatic factors or that the two mechanisms may act in concert.  However,
the spreading of the dmH3K9 mark and HP1 to ectopic locations on the chromosomes is likely
to lead to heterochromatization and repression of gene expression at these sites.   Our results
further suggest the possibility that the lethality of JIL-1 null mutants may be due to repression
of essential genes at these ectopic sites as a consequence of the spreading of Su(var)3-9
activity.  This hypothesis is supported by genetic interaction assays that demonstrated that the
lethality of a severely hypomorphic JIL-1 heteroallelic combination could be almost
completely rescued by a reduction in Su(var)3-9 dosage that prevented ectopic dimethylation
of histone H3K9.
It has recently been demonstrated that the Su(var)3-1 alleles of JIL-1 consist of
dominant gain-of-function alleles that antagonize the expansion of heterochromatin formation
(Ebert et al., 2004).  However, we provide evidence that the underlying molecular mechanism
of this antagonism is different from that occurring in loss-of-function null and hypomorphic
JIL-1 alleles described in this study.  JIL-1Su(var)3-1 alleles are characterized by deletions of the
COOH-terminal domain that do not affect JIL-1 kinase activity or the spreading of
heterochromatin markers (Ebert et al., 2004; this study).  Furthermore, our results indicate that
the COOH-terminal domain of JIL-1 is required for proper chromosomal localization and that
JIL-1Su(var)3-1 proteins are mislocalized to ectopic chromosome sites.  Thus, we propose that the
dominant gain-of-function effect of the JIL-1Su(var)3-1 alleles may be attributable to JIL-1 kinase
activity at ectopic locations possibly through phosphorylation of novel target proteins (see also
Ebert et al., 2004) or by mis-regulated localization of the phosphorylated histone H3S10 mark.
Although the JIL-1Su(var)3-1 proteins are mislocalized they still associate with chromosomes and
phosphorylate the histone H3S10 residue suggesting that other regions of the protein have
binding affinity for at least some of JIL-1's substrates and interaction partners.  This is
supported by the finding that each of the two kinase domains of JIL-1 can interact with the
MSL-complex in vitro (Jin et al., 2000).
In summary, we provide evidence that the JIL-1 kinase is a major regulator of histone
modifications that affect gene activation, gene silencing, and chromatin structure.  Thus, it will
be informative in future experiments to further explore the interaction of JIL-1 with genes
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controlling heterochromatin formation in order to gain a better understanding of the molecular
mechanisms of epigenetic gene regulation.
ACKNOWLEDGEMENTS
We thank members of the laboratory for discussion, advice, and critical reading of the
manuscript.  We also wish to acknowledge Ms. V. Lephart for maintenance of fly stocks and
Mr. Laurence Woodruff for technical assistance.  We especially thank Dr. L. Wallrath for
providing the GFP-lacI transgenic stock 128.1 and the lac operator repeats transgenic stock
4D5, and Drs. M. Kuroda and R. Kelley for providing anti-MSL-1 antibody.  This work was
supported by NIH Grant GM62916 (KMJ).
REFERENCES
Belmont, A. S. (2001).  Visualizing chromosome dynamics with GFP.  Trends Cell Biol. 11,
250-257.
Bone, J. R., Lavender, J., Richman, R., Palmer, M. J., Turner, B. M. and Kuroda, M. I.
(1994). Acetylated histone H4 on the male X chromosome is associated with dosage
compensation in Drosophila. Genes Dev. 8, 96-104.
Cryderman, D.E., Grade, S.K., Li, Y., Fanti, L., Pimpinelli, S. and Wallrath, L.L. (2005).
Role of Drosophila HP1 in euchromatic gene expression. Dev. Dynamics 232, 767-774.
Danzer, J. R. and Wallrath, L. L. (2004). Mechanisms of HP1-mediated gene silencing in
Drosophila. Development 131, 3571-3580.
Delattre, M., Spierer, A., Jaquet, Y. and Spierer, P. (2004). Increased expression of
Drosophila Su(var)3-7 triggers Su(var)3-9-dependent heterochromatin formation.  J.
Cell Sci. 117, 6239-6247.
Deng, H., Zhang, W., Bao, X., Martin, J. N., Girton, J., Johansen, J. and Johansen, K. M.
(2005). The JIL-1 kinase regulates the structure of Drosophila polytene chromosomes.
Chromosoma 114, 173-182.
66
Ebert, A., Schotta, G., Lein, S., Kubicek, S., Krauss, V., Jenuwein, T.  and Reuter, G.
(2004). Su(var) genes regulate the balance between euchromatin and heterochromatin
in Drosophila.   Genes Dev. 18, 2973-2983.
Eissenberg, J. C. and Elgin, S. C. (2000). The HP1 protein family: getting a grip on
chromatin. Curr. Opin. Genet. Dev. 10, 204-210.
Fischle, W., Wang, Y. and Allis, C. D.  (2003). Binary switches and modification cassettes in
histone biology and beyond. Nature 425, 475-479.
Hilfiker, A., Hilfiker-Kleiner, D., Pannuti, A. and Lucchesi, J. C. (1997). mof, a putative
acetyl transferase gene related to the Tip60 and MOZ human genes and to the SAS
genes of yeast, is required for dosage compensation in Drosophila. EMBO J. 16, 2054-
2060.
Jacobs, S. A., Taverna, S. D., Zhang, Y., Briggs, S. D., Li, J., Eissenberg, J. C., Allis, C. D.
and Khorasanizadeh, S. (2001). Specificity of the HP1 chromo domain for the
methylated N-terminus of histone H3. EMBO J. 20, 5232-5241.
Ji, Y., Rath, U., Girton, J., Johansen, K. M. and Johansen, J.  (2005).  D-Hillarin, a novel
W180-domain protein, affects cytokinesis through interaction with the septin family
member Pnut.  J.  Neurobiol. 64, 157-169.
Jin, Y., Wang, Y., Walker, D. L, Dong, H., Conley, C., Johansen, J. and Johansen, K. M.
(1999). JIL-1: a novel chromosomal tandem kinase implicated in transcriptional
regulation in Drosophila. Mol. Cell 4, 129-135.
Jin, Y., Wang, Y., Johansen, J. and Johansen, K. M. (2000). JIL-1, a chromosomal kinase
implicated in regulation of chromatin structure, associates with the MSL dosage
compensation complex. J. Cell Biol. 149, 1005-1010.
Kelley, R. L. and Kuroda, M. I. (1995). Equality for X chromosomes. Science 270, 1607-
1610.
Kelley, R. L., Meller, V. H., Gordadze, P. R., Roman, G., Davis, R. L. and Kuroda, M. I.
(1999). Epigenetic spreading of the Drosophila dosage compensation complex from
roX RNA genes into flanking chromatin. Cell 98, 513-522.
Kuroda, M. I., Kernan, M. J., Kreber, R., Ganetzky, B. and Baker, B. S. (1991). The
maleless protein associates with the X chromosome to regulate dosage compensation in
Drosophila. Cell 66, 935-947.
67
Lachner, M., O'Carroll, D., Rea, S., Mechtler, K. and Jenuwein, T. (2001). Methylation of
histone H3 lysine 9 creates a binding site for HP1 proteins. Nature 410, 116-120.
Lindsley, D. L. and Zimm, G. G. (1992). The genome of Drosophila melanogaster.
Academic Press, New York.  1133 pp.
Nakayama, J., Rice, J. C., Strahl, B. D., Allis, C. D. and Grewal, S. I. (2001). Role of
histone H3 lysine 9 methylation in epigenetic control of heterochromatin assembly.
Science 292, 110-113.
Pal-Bhadra, M., Leibovitch, B. A., Gandhi, S. G., Rao, M., Bhadra, U., Birchler, J. A. and
Elgin. S. C. (2004). Heterochromatic silencing and HP1 localization in Drosophila are
dependent on the RNAi machinery. Science 303, 669-672.
Piacentini, L., Fanti, L., Berloco, M., Perrini, B. and Pimpinelli, S. (2003).
Heterochromatin protein 1 (HP1) is associated with induced gene expression in
Drosophila euchromatin. J. Cell. Biol. 161, 707-714.
Rea, S., Eisenhaber, F., O'Carroll, D., Strahl, B. D., Sun, Z. W., Schmid, M., Opravil, S.,
Mechtler, K., Ponting, C. P., Allis, C. D. and Jenuwein, T. (2000). Regulation of
chromatin structure by site-specific histone H3 methyltransferases. Nature 406, 593-
599.
Reuter, G., Dorn, R., Wustmann, G., Friede, B. and Rauh, G. (1986). Third chromosome
suppressor of position-effect variegation loci in Drosophila melanogaster. Molec. Gen.
Genet. 202, 481-487.
Roberts, D. B. (1998). In  Drosophila: A Practical Approach.  IRL Press, Oxford, UK. 389 pp.
Schotta, G., Ebert, A., Krauss, V., Fischer, A., Hoffmann, J., Rea, S., Jenuwein, T., Dorn,
R. and Reuter, G. (2002). Central role of Drosophila SU(VAR)3-9 in histone H3-K9
methylation and heterochromatic gene silencing. EMBO J. 21, 1121-1131.
Schotta, G., Ebert, A., Dorn, R. and Reuter, G. (2003). Position-effect variegation and the
genetic dissection of chromatin regulation in Drosophila. Semin. Cell Dev. Biol. 14, 67-
75.
Strahl, B. D. and Allis, C. D. (2000). The language of covalent histone modifications. Nature
403, 41-45.
Swaminathan, J., Baxter, E. M. and Corces, V. G. (2005). The role of histone H2Av variant
replacement and histone H4 acetylation in the establishment of Drosophila
68
heterochromatin. Genes Dev. 19, 65-76.
Tschiersch, B., Hofmann, A., Krauss, V., Dorn, R., Korge, G. and Reuter, G. (1994). The
protein encoded by the Drosophila position-effect variegation suppressor gene
Su(var)3-9 combines domains of antagonistic regulators of homeotic gene complexes.
EMBO J. 13, 3822-3831.
Verdel, A., Jia, S., Gerber, S., Sugiyama, T., Gygi, S., Grewal, S. I. and Moazed, D.
(2004). RNAi-mediated targeting of heterochromatin by the RITS complex. Science
303, 672-676.
Volpe, T. A., Kidner, C., Hall, I. M., Teng, G., Grewal, S. I. and Martienssen, R. A.
(2002). Regulation of heterochromatic silencing and histone H3 lysine-9 methylation
by RNAi. Science 297, 1833-1837.
Wang, Y., Zhang, W., Jin, Y., Johansen, J. and Johansen, K. M. (2001). The JIL-1 tandem
kinase mediates histone H3 phosphorylation and is required for maintenance of
chromatin structure in Drosophila. Cell 105, 433-443.
Zhang, W., Jin, Y., Ji, Y., Girton, J., Johansen, J. and Johansen, K. M. (2003). Genetic
and phenotypic analysis of alleles of the Drosophila chromosomal JIL-1 kinase reveals
a functional requirement at multiple developmental stages. Genetics 165, 1341-1354.
West, A. G., Gaszner, M. and Felsenfeld, G. (2002). Insulators: many functions, many
mechanisms. Genes Dev. 16, 271-288.
FIGURE LEGENDS
Fig. 1. Histone H3K9 dimethylation spreads to ectopic locations in JIL-1 null and
hypomorphic mutant backgrounds.  (A-D)  Polytene squash preparations labeled with anti-
dmH3K9 antibody (red) and with Hoechst (DNA in blue).  The upper panels show the anti-
dmH3K9 labeling alone whereas the lower panels show the composite images with the Hoechst
labeling.  The X chromosomes are indicated with an X and the chromocenter with an arrow.  In
wild-type (wt) preparations dmH3K9 labeling is mainly localized to the chromocenter (A).  In
JIL-1z2/JIL-1h9 (z2/h9) and in JIL-1z2 homozygous (z2/z2) male and female mutants the
dmH3K9 labeling is clearly upregulated on the X chromosomes and to a lesser extent on the
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autosomes.   In the JIL-1 mutants the morphology of the polytene chromosomes is perturbed
with coiled and compacted chromosome arms. (E) The level of histone H3S10 phosphorylation
is greatly decreased in JIL-1 null and hypomorphic alleles whereas the levels of dmH3K9,
HP1, histone H3, and tubulin are comparable to wild-type.  Immunoblots were performed on
extracts from wild-type (wt), JIL-1z2/JIL-1h9 (z2/h9), and JIL-1z2 homozygous (z2/z2) larvae.
The immunoblots were labeled with anti-phospho-histone H3S10 (pH3S10), anti-dmH3K9,
anti-HP1, anti-histone H3 (H3), and anti-tubulin antibodies.
Fig. 2.  HP1 and dmH3K9 are upregulated on both male and female X chromosomes in
JIL-1 null mutants.  (A-C)  Confocal images of whole-mount polytene nuclei from male and
female third instar larvae.  The X chromosome is indicated by an X and the chromocenter by
an arrow.  (A) Triple labeling with anti-HP1 (red) and anti-dmH3K9 (green) antibodies and
with Hoechst (DNA in blue) of female wild-type (wt) and JIL-1z2 homozygous (z2/z2) mutant
polytene nuclei.  Both HP1 and dmH3K9 are upregulated on the X chromosome and to a lesser
degree on the autosomes in JIL-1z2 homozygous nuclei. (B) Triple labeling with anti-HP1 (red)
and anti-dmH3K9 (green) antibodies and with Hoechst (DNA in blue) of male wild-type (wt)
and  JIL-1z2 homozygous (z2/z2) mutant polytene nuclei.  Both HP1 and dmH3K9 are
upregulated on the X chromosome and to a lesser degree on the autosomes in JIL-1z2
homozygous nuclei.  (C)  Triple labeling with anti-HP1 (red) and anti-MSL1 (green) antibodies
and with Hoechst (DNA in blue) of male wild-type (wt) and  JIL-1z2 homozygous (z2/z2)
mutant polytene nuclei.  MSL-1 labeling identifies the male X chromosome. (D) Identification
of the female X chromosome by a GFP-lacI fusion protein targeted to 256 lacO repeats
inserted into the 4D5 interband region of polytene X chromosomes in a JIL-1z2 homozygous
(z2/z2) mutant.  The preparation was triple labeled with anti-dmH3K9 (red) and anti-GFP
(green) antibodies and with Hoechst (DNA in blue).  The position of the lacO repeats
identifying the X chromosome is indicated by an arrowhead.  The composite images (comp)
are shown to the left.
Fig. 3.  The JIL-1Su(var)3-1[3] protein is mislocalized but does not affect dmH3K9
distribution or levels of histone H3S10 phosphorylation.  (A) Triple labeling with anti-JIL-1
(red) and anti-dmH3K9 (green) antibodies and with Hoechst (DNA in blue) of a male JIL-
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1z2/JIL-1Su(var)3-1[3] polytene squash preparation.  The X chromosome is indicated by an X and the
chromocenter by an arrow. The dmH3K9 antibody-labeling is mainly localized to the
chromocenter.  (B) Triple labeling with anti-JIL-1 (red) and anti-MSL-1 (green) antibodies and
with Hoechst (DNA in blue) of a male JIL-1z2/JIL-1Su(var)3-1[3] polytene squash preparation. The
X chromosome is indicated by an X.  The JIL-1Su(var)3-1[3] protein is not upregulated on the X
chromosome which is identified by the MSL-1 antibody-labeling. (C) Higher magnification
image of the preparation in (B) showing the relative distribution of JIL-1 (red) and MSL-1
(green) antibody-labeling. The JIL-1Su(var)3-1[3] protein is localized to the chromosomes but the
antibody labeling is diffuse and associates with both interband and banded regions.  The arrows
indicate regions on the X chromosome where the JIL-1Su(var)3-1[3] protein is localized to ectopic
locations not overlapping with MSL-1 labeling. (D) The level of histone H3S10
phosphorylation in JIL-1z2/JIL-1Su(var)3-1[3] heteroallelic mutants is comparable to that in JIL-1z2/+
heteroalleles.  Immunoblots were performed on extracts from wild-type (wt), JIL-1z2/+ (z2/+),
and JIL-1z2/JIL-1Su(var)3-1[3] (z2/3-1) third instar larvae.  The immunoblots were labeled with anti-
phospho-histone H3S10 (pH3S10), anti-dmH3K9, and anti-histone H3 (H3) antibodies.
Fig. 4.  JIL-1 localization and kinase activity is not affected in Su(var)3-9 mutants.  (A-
D)  Polytene squash preparations from male and female wild-type (wt) and Su(var)3-
91/Su(var)3-92 (Su(var)3-9) third instar larvae labeled with JIL-1 antibody. Chromosome
morphology and JIL-1 localization in Su(var)3-91/Su(var)3-92 preparations were similar to
wild-type preparations. (E) dmH3K9 levels were greatly reduced in Su(var)3-91/Su(var)3-92
mutants whereas histone H3S10 phosphorylation was at wild-type levels.  Immunoblots were
performed on extracts form wild-type (wt) and Su(var)3-91/Su(var)3-92 (Su(var)3-9) third
instar larvae.  The immunoblots were labeled with  anti-dmH3K9, anti-phospho-histone H3S10
(pH3S10), and anti-histone H3 antibodies. (F) dmH3K9 did not spread from the chromocenter
to ectopic locations in polytene squashes from JIL-1z2/JIL-1z60 Su(var)3-91 (z2/z60, 3-9) larvae.
The preparation was labeled with anti-dmH3K9 antibody (green) and with Hoechst (DNA in
blue).  The X chromosome is indicated by a X and the chromocenter by an arrow.
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CHAPTER 4.  REDUCED LEVELS OF SU(VAR)3-9 BUT NOT
SU(VAR)2-5 (HP1) COUNTERACT THE EFFECTS ON
CHROMATIN STRUCTURE AND VIABILITY IN LOSS-OF-
FUNCTION MUTANTS OF THE JIL-1 HISTONE H3S10
KINASE
A paper published in Genetics
Huai Deng1, Xiaomin Bao1, Weiguo Zhang, Jack Girton,
Jørgen Johansen and Kristen M. Johansen
ABSTRACT
It has recently been demonstrated that activity of the essential JIL-1 histone H3S10
kinase is a major regulator of chromatin structure and that it functions to maintain euchromatic
domains while counteracting heterochromatization and gene silencing.  In the absence of JIL-1
kinase activity the major heterochromatin markers histone H3K9me2 and HP1 spread in
tandem to ectopic locations on the chromosome arms.   In this study we show that the lethality
as well as some of the chromosome morphology defects associated with the null JIL-1
phenotype to a large degree can be rescued by reducing the dose of the Su(var)3-9 gene.  This
effect was observed with three different alleles of Su(var)3-9 strongly suggesting it is specific
to Su(var)3-9 and not to second site modifiers.  This is in contrast to similar experiments
performed with alleles of the Su(var)2-5 gene that codes for HP1 in Drosophila where no
genetic interactions were detectable between JIL-1 and Su(var)2-5.  Taken together these
findings indicate that while Su(var)3-9 histone methyltransferase activity is a major factor in
the lethality and chromatin structure perturbations associated with loss of the JIL-1 histone
H3S10 kinase these effects are likely to be uncoupled from HP1.
1 These authors contribute equally.
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INTRODUCTION
In Drosophila initiation of heterochromatin formation and repression of transcription
has been linked to the RNAi machinery (PAL-BHADRA et al. 2004) and involves covalent
modifications of histone tails and/or the exchange of histone variants (SWAMINATHAN et al.
2005).  In addition, heterochromatin formation requires several nonhistone chromatin proteins
(SCHOTTA et al. 2002; GREIL et al. 2003; DELATTRE et al. 2004).  Two of these,
Su(var)2-5 (HP1) and Su(var)3-9 (a histone methyltransferase), are predominantly found at
pericentric heterochromatin (JAMES et al. 1989; SCHOTTA et al. 2002) and are important
components for silencing of reporter genes by heterochromatic spreading (for review see
WEILER and WAKIMOTO 1995; GIRTON and JOHANSEN 2007).  Su(var)3-9 has been
shown to catalyze most of the dimethylation of the histone H3K9 residue which in turn can
promote HP1 binding (SCHOTTA et al. 2002).  In addition, Su(var)3-9 and HP1 can directly
interact suggesting a model where interdependent interactions between Su(var)3-9, HP1, and
histone H3K9 dimethylation lead to heterochromatin assembly and gene silencing (LACHNER
et al. 2001; SCHOTTA et al. 2002; ELGIN and GREWAL 2003).  However, this model does
not address the mechanism for how heterochromatin formation is restricted to certain parts of
the genome and for how heterochromatic spreading is regulated (GREIL et al. 2003).
It has recently been demonstrated that activity of the JIL-1 histone H3S10 kinase (JIN
et al. 1999; WANG et al. 2001) is a major regulator of chromatin structure (DENG et al. 2005)
and that it functions to maintain euchromatic domains while counteracting
heterochromatization and gene silencing (EBERT et al. 2004; ZHANG et al. 2006; LERACH
et al. 2006; BAO et al. 2007). In the absence of JIL-1 kinase activity the major
heterochromatin markers H3K9me2 and HP1 spread in tandem to ectopic locations on the
chromosome arms with the most pronounced increase on the X chromosomes (ZHANG et al.
2006). However, overall levels of the H3K9me2 mark and HP1 were unchanged suggesting
that the spreading was accompanied by a redistribution that reduces the levels in
pericentromeric heterochromatin.  Genetic interaction assays demonstrated that JIL-1 functions
in vivo in a pathway with Su(var)3-9 and that JIL-1 activity and localization are not affected by
the absence of Su(var)3-9 activity indicating that JIL-1 is upstream to Su(var)3-9 in this
pathway (ZHANG et al. 2006).  Furthermore, the results of ZHANG et al. (2006) suggested
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the possibility that the lethality of JIL-1 null mutants may be due to repression of essential
genes at these ectopic sites as a consequence of the spreading of Su(var)3-9 activity and HP1
recruitment. In this study we have tested this hypothesis and examined the relative
contributions of Su(var)3-9 and HP1. We show that while Su(var)3-9 histone methyltransferase
activity is a major factor in the lethality and chromatin structure perturbations associated with
loss of the JIL-1 histone H3S10 kinase these effects are likely to be uncoupled from HP1.
MATERIALS AND METHODS
Drosophila melanogaster stocks
Fly stocks were maintained according to standard protocols (ROBERTS 1998).
Canton-S was used for wild-type preparations.  The JIL-1z2 allele is described in WANG et al.
(2001) and in ZHANG et al. (2003). The Su(var)3-906, Su(var)2-504, and Su(var)2-505 alleles
are described in SCHOTTA et al. (2002) and in EISSENBERG et al. (1992) and were
generously provided by Dr. L. Wallrath. The Su(var)3-91 and Su(var)3-92 stocks were obtained
from the Umeå Stock Center.  Recombinant JIL-1z2 Su(var)3-91, JIL-1z2 Su(var)3-92, and JIL-
1z2 Su(var)3-906 chromosomes were identified by generating recombinants as described in JI et
al. (2005) except that the dominant Su(var)3-9 phenotype was selected for in a wm4 background
and the presence of JIL-1z2 was confirmed by PCR as in ZHANG et al. (2003).  Balancer
chromosomes and markers are described in LINDSLEY and ZIMM (1992).
Immunohistochemistry
Polytene chromosome squash preparations were performed as in KELLEY et al. (1999)
using the 5 minute fixation protocol and labeled with antibody as described in JIN et al. (1999).
Primary antibodies used include:  affinity purified Hope rabbit antiserum raised against JIL-1
residues 886-1013 (JIN et al. 1999); H3K9me2 rabbit antiserum (Upstate Biotechnology); and
anti-HP1 mAb C1A9 (Developmental Studies Hybridoma Bank, University of Iowa). DNA
was visualized by staining with Hoechst 33258 or with propidium iodide (Molecular Probes) in
PBS. The appropriate species- and isotype- specific Texas Red-, TRITC-, and FITC-
conjugated secondary antibodies (Cappel/ICN, Southern Biotech) were used (1:200 dilution) to
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visualize primary antibody labeling. The final preparations were mounted in 90% glycerol
containing 0.5% n-propyl gallate. The preparations were examined using epifluorescence
optics on a Zeiss Axioskop microscope and images were captured and digitized using a high
resolution Spot CCD camera. Images were imported into Photoshop where they were
pseudocolored, image processed, and merged. In some images non-linear adjustments were
made for optimal visualization of Hoechst labeling of chromosomes.
RESULTS
Viability and chromosome morphology in JIL-1 and Su(var)3-9 double mutants.
In a previous study ZHANG et al. (2006) used genetic assays to explore interactions
between mutant alleles of Su(var)3-9 and JIL-1 by generating double mutant individuals.
Since Su(var)3-9 and JIL-1 both are located on the third chromosome a Su(var)3-91, JIL-1z60
chromosome was generated by recombination. However, in these experiments only the
+/Su(var)3-91 allelic combination was examined (ZHANG et al. 2006) and the JIL-1z60 allele,
although a strong hypomorph, still has low levels of histone H3S10 kinase activity (ZHANG et
al. 2003). We have therefore extended these studies by recombining the true null JIL-1z2 allele
(WANG et al. 2001; ZHANG et al. 2003) with three different loss-of-function Su(var)3-9
alleles. The Su(var)3-91 allele consists of a frameshift at the N-terminus of the protein upstream
of the chromo- and SET domains while the Su(var)3-92 allele has two missense mutations, and
both alleles result in a null phenotype  (REUTER et al. 1986; TSCHIERSCH et al. 1994;
EBERT et al. 2004).  The null Su(var)3-906 allele is due to a DNA insertion and immunoblot
analysis has shown that histone H3K9 dimethylation is greatly reduced in homozygous animals
(SCHOTTA et al. 2002).  Homozygous null Su(var)3-9 mutants are viable and fertile
(TSCHIERSCH et al. 1994).
To determine whether reduction of Su(var)3-9 levels will rescue the lethality normally
associated with a null JIL-1z2/JIL-1z2 mutant background, we crossed JIL-1z2 Su(var)3-9*/TM6
Sb Tb males (where Su(var)3-9* denotes either the Su(var)3-91, Su(var)3-92, or Su(var)3-906
allele) with JIL-1z2/TM6 Sb Tb virgin females generating JIL-1z2 Su(var)3-9*/JIL-1z2 progeny
identified as non-Sb (Table 1). In control experiments in which Su(var)3-9 activity was not
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altered, we crossed JIL-1z2/TM6 Sb Tb males with JIL-1z2/TM6 Sb Tb virgin females generating
JIL-1z2/JIL-1z2 progeny.  In the control crosses we observed no flies of the JIL-1z2/JIL-1z2
genotype out of a total of 685 eclosed flies indicating complete lethality (Table 1).  However,
in crosses that generate the double mutant combination (JIL-1z2/JIL-1z2 Su(var)3-9*) with one
copy of either of the Su(var)3-9 mutant alleles the number of surviving flies with the JIL-
1z2/JIL-1z2 genotype increased dramatically.   In these crosses 1/3 of the eclosed flies would be
expected to be of the JIL-1z2/JIL-1z2 Su(var)3-9* genotype assuming full rescue indicating that
the reduction of Su(var)3-9 activity in these animals resulted in a 50.7-87.4% viability rate
compared to a rate of 0% for JIL-1z2/JIL-1z2 flies without the reduction in Su(var)3-9 activity
(Table 1).  However, it should be noted that both rescued male and female flies are sterile. We
also performed crosses to generate JIL-1z2 Su(var)3-91/JIL-1z2 Su(var)3-92 progeny.  As
indicated in Table 1 the further reduction in the dose of Su(var)3-9 did not lead to an additional
increase in viability of homozygous JIL-1 null flies.     Taken together these results suggest that
the lethality in null JIL-1 mutant backgrounds to a substantial degree is mediated by Su(var)3-9
activity.  Furthermore, since this effect was observed with three different alleles of Su(var)3-9
it is likely to be specific to Su(var)3-9 and not to second site modifiers.
We further investigated whether a reduction in the dose of Su(var)3-9 would also affect
the severely perturbed polytene chromosome morphology observed in null JIL-1z2 homozygous
larvae (WANG et al. 2001; DENG et al. 2005).  For this analysis we prepared squashes of
polytene chromosomes labeled with Hoechst or with propidium iodide from JIL-1z2
homozygous null and wild-type third instar larvae and compared them with squashes from
double mutant homozygous JIL-1z2 larvae with various combinations of the Su(var)3-9 alleles
described above.  As illustrated in Figure 1A loss of JIL-1 histone H3S10  kinase activity leads
to misalignment of the interband chromatin fibrils which is further associated with coiling of
the chromosomes and an increase of ectopic contacts between non-homologous regions.  This
results in a shortening and folding of the chromosomes with a non-orderly intermixing of
euchromatin and the compacted chromatin characteristic of banded regions (DENG et al.
2005).  The extreme of this phenotype is exhibited by the male X polytene chromosome where
no remnants of coherent banded regions can be observed (Figure 1A).  However, in
homozygous JIL-1z2 double mutant combinations with a reduced dosage of Su(var)3-9 there
was a marked improvement of polytene chromosome morphology of both male and female
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autosomes (Figures 1B and C).  The chromosome arms were to a large extent unfolded with
reduced ectopic contacts and a clearly discernible banding pattern that in some cases attained
near wild-type morphology (Fig. 1D).  In contrast, the morphology of the male X chromosome
was largely unaffected by the reduction in Su(var)3-9 suggesting that ectopic Su(var)3-9
activity does not contribute to the "puffed" X chromosome phenotype in JIL-1 null mutant
backgrounds.  It is well documented that the male X chromosome is unique because of the
activity of the MSL dosage compensation complex and the MOF histone acetyltransferase
which leads to hyperacetylation of histone H4 (BONE et al. 1994; HILFIKER et al. 1997).
Therefore, the effects on chromosome morphology by Su(var)3-9 may only be observable on
autosomes and the female X chromosome.  It has previously been shown that both morphology
and JIL-1 localization in Su(var)3-9 null polytene chromosomes are indistinguishable from that
observed in wild-type chromosomes (ZHANG et al. 2006). Furthermore, HP1 binding is
severely reduced at the chromocenter and does not spread to the chromosome arms in either a
homozygous null Su(var)3-9 background (SCHOTTA et al. 2002) or in a homozygous null
Su(var)3-9, JIL-1 background (Figure 2).  Taken together these data indicate that the lethality
as well as some of the chromosome morphology defects observed in JIL-1 null mutant
backgrounds may be mediated by ectopic Su(var)3-9 activity.
Genetic interactions between JIL-1 and Su(var)2-5 (HP1).
The second component of the ectopic heterochromatic spreading observed in loss-of-
function JIL-1 mutant animals is the dimethylated histone H3K9-binding protein HP1
(ZHANG et al. 2006) which is intrinsic to pericentric heterochromatin formation (reviewed in
ELGIN and GREWAL 2003).  In contrast to homozygous null Su(var)3-9 animals which are
viable, transheterozygous null Su(var)2-5 animals die as third instar larvae (EISSENBERG et
al. 1992; EISSENBERG and HARTNETT 1993). Furthermore, tethering of HP1 to
euchromatic sites has shown that HP1 is sufficient to nucleate the formation of silent chromatin
and that it can cause the formation of ectopic chromatin associations  (SEUM et al. 2001; LI et
al. 2003; DANZER and WALLRATH 2004) similar to those observed in JIL-1 mutants. These
findings suggest that the lethality as well as the disorganization of chromosomes in JIL-1 null
mutant backgrounds may be effected by ectopic HP1 binding and that the partial rescue of
animals with reduced Su(var)3-9 activity is a consequence of impaired HP1 recruitment
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resulting from the reduction in histone H3K9 dimethylation.  In order to explore this possibility
we performed genetic interaction assays between JIL-1 and Su(var)2-5.
We first tested whether JIL-1 localization was affected in a functionally null mutant
Su(var)2-5 background by generating Su(var)2-504/Su(var)2-505 heteroallelic third instar larvae
(EISSENBERG et al. 1992).  The Su(var)2-504 allele is due to a nonsense mutation leading to a
truncated HP1 protein that degrades whereas the Su(var)2-505 allele is associated with a
frameshift resulting in a nonsense peptide containing only the first 10 amino acids of HP1
(EISSENBERG et al. 1992).  Figure 3 shows polytene squashes from wild-type and Su(var)2-
504/Su(var)2-505 heteroallelic larvae double labeled with Hoechst and JIL-1 antibody. Polytene
chromosomes from loss-of-function HP1 mutant larvae partly lose the distinct pattern of band-
interband regions of wild-type chromosomes, a phenotype that is especially pronounced for the
male X chromosome (SPIERER et al. 2005) (Figure 3).  However, JIL-1 localizes to both male
and female chromosomes and is upregulated on the male X chromosome as in wild-type
preparations (Figure 3) suggesting that JIL-1 distribution is not altered by loss of HP1 function.
We further examined whether a reduction in HP1 levels could improve chromosome
morphology of JIL-1 null animals and in reciprocal experiments whether a reduction in JIL-1
levels could improve chromosome morphology of HP1 null animals.  Since the HP1 gene is
located on the second chromosome while JIL-1 is on the third chromosome such double mutant
animals were generated by standard genetic crosses.  Polytene squashes from third instar larval
salivary glands from these double mutant combinations were double labeled with Hoechst and
an antibody to histone H3K9me2 and compared to wild-type preparations (Figure 4).  In HP1
null animals histone H3K9 dimethylation is dramatically upregulated on all the chromosome
arms (SCHOTTA et al. 2002) (Figure 4B) whereas in JIL-1 null mutants the upregulation is
most pronounced on the X chromosome (ZHANG et al. 2006) (Figure 4C).  As illustrated in
Figure 4D a reduction in the dose of JIL-1 affected neither chromosome morphology nor the
spreading of H3K9 dimethylation in JIL-1z2/+; Su(var)2-504/Su(var)2-505 mutant larvae.
Likewise, chromosome morphology and H3K9me2 distribution in Su(var)2-504/+ ; JIL-1z2/JIL-
1z2 (Figure 4F) and Su(var)2-505/+ ; JIL-1z2/JIL-1z2 (Figure 4E) double mutant larvae were
indistinguishable from those of homozygous JIL-1z2 mutant larvae.  In the double mutant null
JIL-1 and Su(var)2-5 combination the chromosome morphology resembled that of JIL-1 null
polytene chromosomes whereas the H3K9me2 distribution resembled that of Su(var)2-5 null
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chromosomes (Figure 4G).  The similarity of the spreading of the H3K9me2 marker in HP1
loss-of-function mutants in both wild-type JIL-1 and in JIL-1 null mutant backgrounds
indicates that this ectopic redistribution is independent of JIL-1 kinase activity.  Furthermore,
in viability assays there was neither rescue of JIL-1z2 homozygous lethality by reducing the
dose of wild-type HP1 by either the Su(var)2-504 or the Su(var)2-505 allele nor rescue of
Su(var)2-5 mutant lethality by reducing the dose of wild-type JIL-1 (Table 2).  Unlike the
situation for Su(var)3-9 in which loss of one wild-type allele results in significant rescue of the
null JIL-1z2/JIL-1z2 lethality, loss of a Su(var)2-5 wild-type allele has no effect. Taken together
these results suggest that there are no genetic interactions detectable in these assays between
JIL-1 and Su(var)2-5 and that HP1 in contrast to Su(var)3-9 does not contribute to the lethality
or disruption of chromosome morphology observed in JIL-1 loss-of-function mutants.
DISCUSSION
Interdependent interactions between the HP1 and Su(var)3-9 proteins as well as histone
H3K9 dimethylation are thought to be major factors in heterochromatin formation and gene
silencing in Drosophila (LACHNER et al. 2001; SCHOTTA et al. 2002; ELGIN and
GREWAL 2003).  Recently, it has been demonstrated that the essential JIL-1 histone H3S10
kinase antagonizes heterochromatization and functions to maintain the chromatin structure of
euchromatic regions (WANG et al. 2001; EBERT et al. 2004; ZHANG et al. 2006).  In the
absence of JIL-1 kinase activity the heterochromatin markers H3K9me2 and HP1 spread in
tandem to ectopic locations on the chromosomes (ZHANG et al. 2006).  Furthermore, loss of
JIL-1 histone H3S10 kinase activity results in an increase of ectopic contacts between non-
homologous regions leading to a shortening and folding of the chromosomes with a non-
orderly intermixing of euchromatic and compacted chromatin regions (DENG et al. 2005).  In
this study we show that the lethality as well as some of the chromosome morphology defects
associated with the null JIL-1 phenotype to a large degree can be rescued by reducing the dose
of the Su(var)3-9 gene.  This effect was observed with three different alleles of Su(var)3-9
strongly suggesting it is likely to be specific to Su(var)3-9 and not to second site modifiers.
This is in contrast to similar experiments performed with alleles of the Su(var)2-5 gene that
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codes for HP1 in Drosophila. In these assays no genetic interactions were detectable between
JIL-1 and Su(var)2-5 suggesting that the lethality and disruption of chromosome morphology
observed when JIL-1 levels are decreased are not due to increased HP1 on the chromosomal
arms but rather are associated with ectopic Su(var)3-9 activity.  How Su(var)3-9 may mediate
these effects is unknown and will require additional studies.
While Su(var)3-9 and HP1 reciprocal interactions are well documented at pericentric
regions they are not universal (SCHOTTA et al. 2002; GREIL et al. 2003; DANZER and
WALLRATH 2004).  For example, HP1 binding on the 4th chromosome has been shown to be
independent of Su(var)3-9 (SCHOTTA et al. 2002).  Furthermore, a large scale survey of
Su(var)3-9 and HP1 binding at coding regions demonstrated exclusive enrichment of Su(var)3-
9 at the majority of such non-pericentric regions that map to the chromosome arms (GREIL et
al. 2003).  Strikingly, while both Su(var)3-9 and HP1 preferentially associate with genes of low
expression levels, this preference is more prominent for Su(var)3-9 than for HP1 suggesting
that where Su(var)3-9 is actively involved in silencing of its target genes these Su(var)3-9
complexes may be more potent silencers if they lack HP1 (GREIL et al. 2003).  Conversely,
DANZER and WALLRATH (2004) using a tethering system to recruit HP1 to euchromatic
sites have shown that HP1-mediated silencing can operate in a Su(var)3-9-independent manner.
These findings indicate that although Su(var)3-9 and HP1 cooperate in heterochromatin
formation and gene silencing at pericentric chromosome sites they may function independently
at other regions such as the chromosome arms.  This is underscored by the finding that whereas
Su(var)3-9 is necessary for HP1 recruitment to pericentric chromatin, Su(var)3-9 spreads and is
dramatically upregulated on the chromosome arms in the absence of HP1 (SCHOTTA et al.
2002).  Interestingly, the spreading in HP1 loss-of-function mutants is independent of JIL-1
kinase activity indicating that at least two different molecular mechanisms regulate Su(var)3-9
localization, one dependent on HP1 and one dependent on the JIL-1 kinase.
The results of this study suggest that the lethality of JIL-1 null mutants may be due to
the repression of essential genes as a result of ectopic Su(var)3-9 activity unrelated to HP1
recruitment. At interphase JIL-1 phosphorylates the histone H3S10 residue in euchromatic
regions of polytene chromosomes (JIN et al. 1999; WANG et al. 2001) suggesting as a
plausible model that this phosphorylation during interphase prevents recruitment of Su(var)3-9
to these sites. At present we do not know whether the observed spreading of Su(var)3-9 in JIL-
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1 hypomorphic backgrounds occurred preferentially to specific euchromatic sites (ZHANG et
al. 2006). In JIL-1 null animals the morphology of polytene chromosomes is greatly perturbed
and there is an intermixing of not only euchromatin and the compacted chromatin characteristic
of banded regions but also a looping of non-homologous chromatid regions which become
fused and confluent (DENG et al. 2005). However, in support for this model for JIL-1's
function in counteracting heterochromatic spreading and gene silencing it was recently
demonstrated that loss-of-function JIL-1 alleles act as enhancers of position-effect-variegation
(PEV) at centric sites whereas the gain-of-function JIL-1Su(var)3-1 allele acts as a suppressor of
PEV (BAO et al. 2007). The JIL-1Su(var)3-1 allele is one of the strongest suppressors of PEV so
far described (EBERT et al. 2004) and it generates truncated proteins with COOH-terminal
deletions that mislocalize to ectopic chromosome sites (EBERT et al. 2004; ZHANG et al.
2006). Thus, the dominant gain-of-function effect of the JIL-1Su(var)3-1 alleles may be attributable
to JIL-1 kinase activity at ectopic locations leading to misregulated localization of the
phosphorylated histone H3S10 mark counteracting the spreading of Su(var)3-9. In future
experiments it will be of interest to determine the molecular mechanisms for how Su(var)3-9
activity can effect the lethality and changes in chromatin structure observed in the absence of
JIL-1.
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FIGURE LEGENDS
FIGURE 1.  Morphology of polytene chromosomes in JIL-1 and Su(var)3-9 double
mutant backgrounds.  Polytene chromosome preparations from third instar larvae were labeled
with Hoechst or with propidium iodide to visualize the chromatin.  (A)   Polytene chromosome
preparations from wild-type (wt) male and female larvae and from male and female
homozygous JIL-1z2 larvae (z2/z2).  Note the misalignment and intermixing of interband and
banded regions and the extensive coiling and folding of the chromosome arms in JIL-1z2/JIL-1z2
mutant chromosomes.  The male X chromosome (X) is particularly affected and no remnants
of banded regions are discernable.  (B)  Polytene chromosomes from male and female JIL-1z2
Su(var)3-91/JIL-1z2 (z2/z2, 3-91), JIL-1z2 Su(var)3-92/JIL-1z2 (z2/z2, 3-92), and JIL-1z2 Su(var)3-
91/JIL-1z2 Su(var)3-92 (z2, 3-91/z2, 3-92) larvae.  (C)  Polytene chromosomes from male and
female JIL-1z2 Su(var)3-906/JIL-1z2 (z2/z2, 3-906) and JIL-1z2 Su(var)3-906/JIL-1z2 Su(var)3-906
(z2, 3-906/z2, 3-906) larvae. Note the marked improvement of polytene chromosome
morphology of both male and female autosomes in (B) and (C).  The chromosome arms were
to a large extent unfolded with reduced ectopic contacts and a clearly discernible banding
pattern that in some cases attained near wild-type morphology.  In contrast, there was no
discernible improvement in the morphology of the male X chromosome.  (D)  High
magnification examples of regions of polytene chromosomes from JIL-1z2 Su(var)3-91/JIL-1z2
(z2/z2, 3-91) and JIL-1z2 Su(var)3-906/JIL-1z2 Su(var)3-906 (z2, 3-906/z2, 3-906) larvae with near
wild-type morphology of band and interband regions.
FIGURE 2.   Localization of HP1 and histone H3K9me2 in polytene chromosomes
from JIL-1 and Su(var)3-9 mutant third instar larvae.  The polytene squashes were triple
labeled with antibodies to HP1 (in red) and H3K9me2 (in green) and with Hoechst (DNA, in
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blue). The X chromosome is indicated by an X and the chromocenter by an arrow.
Preparations from wild-type (wt, upper panel), JIL-1z2 homozygous (z2/z2, middle panel), and
JIL-1z2 and Su(var)3-906 double homozygous (z2, 3-906/z2, 3-906, lower panel) larvae are shown.
In wild-type preparations HP1 and H3K9me2 labeling was mainly localized to and abundant at
the chromocenter; however, in the absence of the JIL-1 kinase the HP1 and H3K9me2 labeling
spread to the autosomes and particularly to the X chromosome (see also ZHANG et al. 2006).
In z2, 3-906/z2, 3-906 double mutant larvae the HP1 and H3K9me2 labeling were greatly reduced
and confined to the chromocenter.
FIGURE 3.  JIL-1 localization in HP1 mutant larvae. Polytene chromosome
preparations from male and female wild-type (wt) and Su(var)2-504/Su(var)2-505 (2-504/2-505)
third instar larvae were double labeled with JIL-1 antibody and Hoechst to visualize the
chromatin. The male X chromosome is indicated with an X.  Although polytene chromosomes
from loss-of-function HP1 mutant larvae partly lose the distinct pattern of band-interband
regions of wild-type chromosomes, a phenotype that is especially pronounced for the male X
chromosome, JIL-1 localizes to both male and female chromosomes and is upregulated on the
male X chromosome as in wild-type preparations.
FIGURE 4.  Polytene chromosome morphology and distribution of the H3K9me2
marker in JIL-1 and Su(var)2-5 mutants. Polytene chromosome preparations from third instar
larvae were double labeled with histone H3K9me2 antibody (in green) and Hoechst (DNA in
blue) to visualize the chromatin. The male X chromosome is indicated with an X.
Preparations from wild-type (wt, A), Su(var)2-504/Su(var)2-505 (2-504/2-505, B), JIL-1z2/JIL-1z2
(z2/z2, C), Su(var)2-504/Su(var)2-505; JIL-1z2/+ (2-504/2-505; z2/+, D),  Su(var)2-505/+; JIL-
1z2/JIL-1z2 (2-505/+; z2/z2, E), Su(var)2-504/+; JIL-1z2/JIL-1z2 (2-504/+; z2/z2, F), and Su(var)2-
504/Su(var)2-505; JIL-1z2/JIL-1z2 (2-504/2-505; z2/z2, G) larvae are shown.
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CHAPTER 5.  GENETIC INTERACTION BETWEEN JIL-1
AND SU(VAR)3-7 REVEALS A DYNAMIC BALANCE
BETWEEN EUCHROMATIN AND HETEROCHROMATIN
A paper in preparation
Huai Deng, Jack Girton, Jørgen Johansen and Kristen M. Johansen
ABSTRACT
JIL-1 histone H3S10 kinase has been identified as a major regulator of chromatin
structure that is required for maintenance of euchromatic domains while counteracting ectopic
heterochromatization and is also sufficient to causatively generate a less condensed chromatin
structure. In the absence of JIL-1 kinase activity the major heterochromatin markers histone
H3K9me2 and HP1 spread in tandem to ectopic locations on the chromosome arms. The
lethality as well as some of the chromosome morphology defects associated with the null JIL-1
phenotype to a large degree can be rescued by reducing the dose of the Su(var)3-9 gene but not
by reducing the HP1-encoding Su(var)2-5 gene, suggesting that the lethality of JIL-1 null
mutant may be due to the repression of essential genes as a result of ectopic Su(var)3-9 activity
unrelated to HP1 recruitment. In this study we tested the role of another heterochromatin
component, Su(var)3-7, in the lethality and chromatin structure perturbations associated with
loss of JIL-1 kinase. Reduction of the dose of Su(var)3-7 gene rescued both lethality and
polytene chromosome defects in a JIL-1 null mutant without elimination of ectopic spreading
of histone H3K9me2, indicating that Su(var)3-7 likely functions downstream of Su(var)3-9 in
HP1-independent ectopic heterochromatin formation on chromosome arms. On the other hand,
reducing the dose of the JIL-1 gene also improved the viability of a Su(var)3-7 mutant,
indicating that JIL-1 and Su(var)3-7 counteract each other in the same pathway. This
counterbalancing relationship between loss of function alleles of JIL-1 and Su(var)3-7 was
further detected by PEV assays. These findings reveal a dynamic balancing between
euchromatic and heterochromatic components in Drosophila.
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INTRODUCTION
In the interphase eukaryotic nulei, there are two kinds of chromatin, euchromatin and
heterochromatin, defined by morphological differences (reviewed in WEILER and
WAKIMOTO 1995). Heterochromatin is a highly compacted gene-inactive region that usually
comprises centromere and telomere, and is also found adjacent to the nuclear envelope (KARP
2005). Heterochromatin has some important characteristics such as gene silencing, late
replication, elimination in some somatic cells, underreplication and ectopic contact in polytene
chromosomes (reviewed in ZHIMULEV and BELYAEVA 2003). Heterochromatin can also
affect the expression of adjacent euchromatic genes, giving rise to a phenomenon named
position effect variegation (PEV) (reviewed in GIRTON and JOHANSEN 2008). In
Drosophila, more than 150 PEV modifiers, whose mutations can enhance or suppress PEV,
have been identified and several of them have been found to be involved in regulation of
chromatin structure. Among them, three PEV suppressors, Su(var)3-9, Su(var)2-5, and
Su(var)3-7, have been shown to be essential components for heterochromatin establishment
and maintenance (COWELL et al. 2002; RICHARDS and ELGIN 2002). All of them are able
to dosage-dependently affect PEV as either haplo-suppressors or triplo-enhancers. Su(var)3-9
is a histone methyltransferase that catalyzes histone H3K9 dimethylation via a conserved SET
domain (SCHOTTA et al. 2002). Su(var)2-5 encodes HP1 (Heterochromatin Protein 1), a
small protein containing an N-terminal chromodomain that recognizes the H3K9me2 marker,
and a C-terminal chromoshadow domain, which mediates HP1 dimerization and interaction
with other proteins including Su(var)3-9 and Su(var)3-7 (LACHNER et al. 2001). HP1 can in
turn recruit Su(var)3-9 to generate H3K9 methylation on the adjacent nucleosomes, allowing
the self-spreading of heterochromatin (LACHNER et al. 2001). Su(var)3-7 can be recruited by
HP1 and help to build up the highly compacted chromatin structure (JAQUET et al. 2006).
Su(var)3-7 is a large protein containing seven zinc finger domains that might mediate non-
specific binding to DNA, and two conserved C-terminal localized domains, BESS and BoxA,
which are required for Su(var)3-7 self-interaction and binding with other pericentric
heterochromatin partners (JAQUET et al. 2006). Loss of Su(var)3-7 results in lethality and
decondensation of the male X polytene chromosome and chromocenter (SPIERER et al. 2005).
Overexpression of Su(var)3-7 triggers Su(var)3-9-dependent ectopic heterochromatization
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leading to condensation of polytene chromosomes, especially the male X chromosome
(DELATTRE et al. 2004).
JIL-1 histone H3S10 kinase and the related H3S10 phosphorylation mark have been
shown to be essential for chromatin structure maintenance (JIN et al. 1999; WANG et al. 2001;
DENG et al. 2005). Furthermore, ectopic targeting of JIL-1 using a LacI/lacO tethering system
induces a change in higher order chromatin structure from a condensed heterochromatin-like
state to a more open euchromatic state, demonstrating JIL-1 kinase as a causative regulator for
higher order chromatin structure (DENG et al. 2008). Several lines of evidence support a role
for JIL-1 in maintaining euchromatic regions while counteracting heterochromatization and
gene silencing (EBERT et al. 2004; ZHANG et al. 2006; LERACH et al. 2006; DENG et al.
2007; BAO et al. 2007). In the absence of JIL-1 the major heterochromatin markers, H3K9me2
and HP1, spread in tandem to ectopic locations on the chromosome arms with the most
pronounced increase on the X chromosomes (ZHANG et al. 2006; DENG et al. 2007). Genetic
interaction assays demonstrated that the Su(var)3-9 mutation, in which the H3K9me2 level
dramatically decreases, significantly rescued both polytene chromosome morphology and
viability of the JIL-1 mutant, suggesting that at least part of the lethality as well as the
chromosome morphology defect of JIL-1 null mutants may be due to the Su(var)3-9-dependent
ectopic heterochromatin spreading and consequent gene silencing (ZHANG et al. 2006; DENG
et al. 2007). However, no genetic interaction was detected between JIL-1 and Su(var)2-5,
arguing against a requirement of HP1 in this process (DENG et al. 2007). In this study we
tested the role of another heterochromatin component, Su(var)3-7, in the lethality and
chromatin structure perturbations associated with loss of JIL-1 kinase. Reduction of the dose of
Su(var)3-7 gene rescued both lethality and polytene chromosome defects in JIL-1 null mutant
indicating that Su(var)3-7 participates in ectopic heterochromatization and gene silencing on
chromosome arms in the JIL-1 mutant. On the other hand, reducing the dose of JIL-1 gene also
improved the viability of a Su(var)3-7 mutant, indicating that JIL-1 and Su(var)3-7 counteract
each other in  the same pathway. This counterbalance was also revealed by PEV assays.
Furthermore, the direct correlation between them was detected at interband regions invaded by
the overexpressed Su(var)3-7. Taken together, these findings reveal a dynamic counterbalance
between euchromatin and heterochromatin.
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MATERIALS AND METHODS
Drosophila melanogaster stocks
Fly stocks were maintained according to standard protocols (ROBERTS 1998).
Canton-S was used for wild-type preparations.  The JIL-1z2 and JIL-1z60 alleles are described in
WANG et al. (2001) and in ZHANG et al. (2003). The Su(var)3-71A, Su(var)3-714, and
P[HA:3-7FL]4D alleles were the generous gifts of Dr. P. Spierer via Dr. A Csink and were
described in SEUM et al. (2002) and DELATTRE et al. (2004). The PEV stocks, wm4, P118E-
15, and DX1, were the generous gifts of Dr. G. Reuter, Dr. L. Wallrath, and Dr. J. Birchler,
respectively. Recombinant JIL-1z2 Su(var)3-71A and  JIL-1z2 Su(var)3-714 chromosomes were
generated as described in JI et al. (2005). The Su(var)3-7 alleles were selected and identified
by a yellow reporter gene and the presence of JIL-1z2 was confirmed by PCR as in ZHANG et
al. (2003).  Balancer chromosomes and markers are described in LINDSLEY and ZIMM
(1992). To induce the overexpression of the Su(var)3-7 transgene P[HA:3-7FL]4D, heat-shock
were performed following DELATTRE et al. (2004).
Immunohistochemistry
Polytene chromosome squash preparations were performed as in KELLEY et al. (1999)
using the 1 minute or 5 minute fixation protocol and labeled with antibody as described in JIN
et al. (1999). Primary antibodies include: chicken anti-JIL-1, anti-JIL-1 mAb 5C9 (JIN et al.
2000), H3K9me2 rabbit antiserum (Upstate Biotechnology), and anti-HA mAb (Cell
Signaling).  DNA was visualized by staining with Hoechst 33258 (Molecular Probes) in PBS.
The appropriate species- and isotype- specific TRITC- and FITC-conjugated secondary
antibodies (Cappel/ICN, Southern Biotech) were used (1:200 dilution) to visualize primary
antibody labeling.  The final preparations were mounted in 90% glycerol containing 0.5% n-
propyl gallate. The preparations were examined using epifluorescence optics on a Zeiss
Axioskop microscope and images were captured and digitized using a high resolution Spot
CCD camera.  Images were imported into Photoshop where they were pseudocolored, image
processed, and merged.
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Position effect variegation assays
PEV alleles wm4, 118E-15, and DX-1 were introduced into different genetic
backgrounds combined with wild-type, null JIL-1z2 allele, hypomorphic JIL-1z60 allele, null
Su(var)3-714 allele, hypomorphic Su(var)3-71A allele, as well as JIL-1 Su(var)3-7 double
mutants including JIL-1z2 Su(var)3-71A or JIL-1z2 Su(var)3-714 using normal genetic crosses.
The flies with desired genotypes were collected and aged for five days before analyses. The
mosaic eye PEV phenotype was sorted into different classes based on the percentage of the eye
that was red.
RESULTS
Reduction of Su(var)3-7 rescues viability and chromosome morphology in a JIL-1
mutant.
In previous studies genetic assays were employed to explore interactions between the
mutant alleles of JIL-1 and two heterochromatin factors, Su(var)3-9 and HP1, by generating
double mutant individuals (ZHANG et al. 2006; DENG et al. 2007). The Su(var)3-9 mutants,
in which the H3K9me2 level dramatically decreases, significantly rescued both viability and
polytene chromosome morphology of JIL-1 mutant, suggesting that the lethality and
chromosome defect of JIL-1 null mutants may be due to ectopic heterochromatin spreading and
consequent gene silencing related with Su(var)3-9. However, HP1 is likely uncoupled with this
process since no genetic interaction was detected between JIL-1 and Su(var)2-5. This finding
indicates that Su(var)3-9 and HP1, although cooperate in heterochromatin formation and gene
silencing at pericentric chromosome sites, may function independently at other regions such as
the chromosome arms (DENG et al. 2007). The seven zinc finger protein Su(var)3-7 is
characterized as another heterochromatic factor that interacts and cooperates with both
Su(var)3-9 and HP1 at pericentric heterochromatic regions (JAQUET et al. 2006). To
understand whether Su(var)3-7 is involved in this ectopic heterochromatization on
chromosome arms, we tested for a genetic interaction between JIL-1 and Su(var)3-7 by
recombining the null JIL-1z2 allele (WANG et al. 2001; ZHANG et al. 2003) with two
Su(var)3-7 alleles, a strong hypomorphic allele Su(var)3-71A and a null allele Su(var)3-714 ,
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both of which were isolated by homologous recombination (SEUM et al. 2002). Due to the
maternal effect, the homozygous Su(var)3-7 mutant flies from heterozygous parents are viable
and fertile. In the second generation, all the homozygous progeny of homozygous females die
during the third instar (Su(var)3-71A) or second instar (Su(var)3-714) larval stage.
To determine whether reduction of Su(var)3-7 levels will rescue the lethality normally
associated with a null JIL-1z2/JIL-1z2 mutant background, we crossed JIL-1z2 Su(var)3-71A/TM6
Sb Tb males or JIL-1z2 Su(var)3-714/TM6 Sb Tb males with JIL-1z2/TM6 Sb Tb virgin females
generating JIL-1z2 Su(var)3-71A/JIL-1z2 or JIL-1z2 Su(var)3-714/JIL-1z2 identified as non-Sb
(Table 1). In control experiments in which JIL-1z2/TM6 Sb Tb males were crossed with JIL-
1z2/TM6 Sb Tb virgin females generating JIL-1z2/JIL-1z2 progeny, no flies of the JIL-1z2/JIL-1z2
genotype were observed out of a total of 596 eclosed flies indicating complete lethality (Table
1). However, introduction of one copy of either of the Su(var)3-7 mutant alleles dramatically
increased the number of surviving flies with the JIL-1z2/JIL-1z2 genotype. In these crosses 1/3
of the eclosed flies would be expected to be of the JIL-1z2/JIL-1z2 Su(var)3-7 genotype
assuming full rescue. Therefore, the reduction of Su(var)3-7 activity in these animals resulted
in more than 80% viability rate compared to a rate of 0% for JIL-1z2/JIL-1z2 flies without the
reduction in Su(var)3-7 activity (Table 1).  We also examined the double mutants homozygous
for both JIL-1z2 and Su(var)3-7 alleles. The lethality of the JIL-1z2/JIL-1z2 genotype was also
rescued by further reduction of Su(var)3-7, but at a much lower ratio (Table. 1).  Taken
together these results suggest that Su(var)3-7, like Su(var)3-9, is also correlated with the
potential gene silencing that causes lethality in null JIL-1 mutant backgrounds.
Given that a reduction of Su(var)3-9 could partially rescue the severely perturbed
polytene chromosome morphology observed in null JIL-1z2 homozygous larvae presumably via
decreasing ectopic heterochromatization (DENG et al. 2007), we further investigated whether
reduction in the dose of Su(var)3-7 has a similar effect. Hoechst labeled polytene chromosome
squashes from JIL-1z2 homozygous null and wild-type third instar larvae were compared with
those from double mutant larvae with homozygous JIL-1z2 and heterozygous Su(var)3-7 alleles
described above.  As illustrated in Figure 1 loss of JIL-1 leads to a severe shortening and tight
folding of the polytene chromosome arms with severe loss of banding pattern especially in the
less-condensed interband regions. Previous ultra-structural studies revealed a non-orderly
intermixing of euchromatin and the compacted chromatin characteristic of banded regions,
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misalignment of the interband chromatin fibrils and an increase of ectopic contacts between
non-homologous regions within these perturbed chromosomes (DENG et al. 2005).  The
extreme of this phenotype is exhibited by the male X polytene chromosome where no remnants
of coherent banded regions can be observed (Figure 1; DENG et al. 2005).  However, in
homozygous JIL-1z2 double mutant combinations with Su(var)3-7 alleles there was a
significant improvement of polytene chromosome morphology of both male and female
autosomes and female X chromosome (Figures 1).  The chromosome arms, although still
coiled, were largely unfolded with reduced ectopic contacts and a clearly discernible banding
pattern that in some cases attained near wild-type morphology.  Furthermore, the morphology
of the male X chromosome was also improved by the reduction in Su(var)3-7 in double
mutants, as evidenced by extension of the male X chromosomes and appearance of a roughly
condensed/decondensed pattern in some regions (Figures 1).
We also investigated the histone H3K9 dimethylation level on the rescued polytene
chromosome by immuno-labeling. Su(var)3-9-mediated H3K9 dimethylation, the major
heterochromatin marker in Drosophila, predominantly localizes to the chromocenter on wild
type polytene chromosomes but is upregulated on the perturbed chromosome arms in a JIL-1
mutant background (Figures 2; ZHANG et al. 2006). On the significantly rescued polytene
chromosomes from JIL-1z2 Su(var)3-7 double mutants, the upregulation of H3K9
dimethylation was still detected at apparently similar levels compared to JIL-1z2/JIL-1z2
chromosomes (Figure 2), suggesting that Su(var)3-7 functions downstream of Su(var)3-9 and
H3K9 dimethylation in this pathway. Taken together these data indicate that Su(var)3-7 might
be responsible for at least part of the lethality as well as the chromosome morphology defects
observed on both autosomes and the male X chromosome in JIL-1 null mutant backgrounds.
Reduction of JIL-1 improves viability of a Su(var)3-7 mutant.
We were also interested in whether reduction of JIL-1 levels could affect the lethality
normally associated with a Su(var)3-7 mutant background. In previous studies, both the
homozygous Su(var)3-71A and Su(var)3-714 were reported to survive to fertile adults due to the
maternal effect (SEUM et al. 2002). However, in our hands the Su(var)3-7 alleles are
homozygous lethal at very early developmental stage, possibly because of genetic background
with other severe mutants, as suggested by the absence of non-Tubby second instar larvae from
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heterozygous parents balanced with a TM6 chromosome containing a Tubby marker. To
overcome this problem, we crossed Su(var)3-71A/TM6 Sb Tb males with Su(var)3-714/TM6 Sb
Tb virgin females to produce Su(var)3-7 heteroallelic mutant progeny, in which presumably the
effects from different genetic backgrounds were eliminated. As expected, in this cross
Su(var)3-714/Su(var)3-71A animals can survive to adulthood with a 70% eclosion rate due to
Su(var)3-7 maternal effect (Table 2). This calculation is based on that, assuming full viability,
1/3 of the eclosed flies would be expected to be of Su(var)3-714/Su(var)3-71A genotype.
Significantly, when we crossed JIL-1z2 Su(var)3-71A/TM6 Sb Tb males with Su(var)3-714/TM6
Sb Tb virgin females to introduce a heterozygous JIL-1z2 allele into the heteroallelic Su(var)3-7
mutant, the eclosing rate rose to 100% (Table 2), indicating a significant increase in adult
viability. Therefore, reduction of JIL-1 level is able to rescue the lethality correlated with a
Su(var)3-7 heteroallelic mutant background.
Position effect variegation analyses reveal a balance between JIL-1 and Su(var)3-7.
The finding that JIL-1 and Su(var)3-7 mutants are able to rescue the other’s viability
suggests a potential counterbalancing between these two factors. To test this hypothesis we
performed position effect variegation (PEV) assays, a sensitive system for investigation of the
establishment of euchromatin versus heterochromatin at given chromosomal regions (reviewed
in GIRTON and JOHANSEN 2008). In these studies, selected JIL-1 mutants, Su(var)3-7
mutants, JIL-1 Su(var)3-7 double mutants, as well as wild type were introduced into three PEV
reporter lines by genetic crosses. In In(1)wm4, the X chromosome contains an inversion that
repositions the euchromatic white gene adjacent to the pericentric heterochromatin (MULLER
1930; SCHULTZ 1936), which results in somatic variegation of wm4 expression due to
heterochromatic spreading from the inversion breakpoint that silences wm4 expression in some
cells (reviewed in GREWAL and ELGIN 2002). In line 118E-15, a P element (P[hsp26-pt,
hsp70-w]) containing a hsp26 promoter tagged with a barley cDNA fragment and a hsp70-
white reporter gene, was inserted into a telomeric heterochromatin on the fourth chromosome,
resulting in a variegating eye phenotype (WALLRATH and ELGIN 1995; WALLRATH et al.
1996; CRYDERMAN et al. 1998). In the DX1 line, seven tandem copies of the p[lacW]
transgenes, each of which contains a mini-white and a lacZ gene, are inserted into 50C in the
euchromatic region of the second chromosome. The tandem sequence repetition induces
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heterochromatin formation, resulting in partial silencing of the mini-white reporter and thus a
variegated eye phenotype in DX1 flies (DORER and HENIKOFF 1994).
As indicated in Figure 3A and 3B, in the wm4 allele heterozygous JIL-1z2 resulted in
significant enhancement of PEV as determined by the observation that more than 80% of flies
showed a largely white eye phenotype. Heterozygous Su(var)3-71A, however, moderately
suppressed PEV as indicated by that more than half of the flies exhibited a high proportion of
red ommatidia (Figure 3A), consistent with the pigment assay results of SEUM et al. (2002).
When the wm4 allele was crossed into the JIL-1z2 Su(var)3-71A/ + background, the distribution of
eye phenotype was intermediate betwen JIL-1z2/ + and Su(var)3-71A/ + phenotypes and close to
the distribution pattern observed in the wild type background, indicating that JIL-1z2/ + and
Su(var)3-71A/ + could suppress the PEV phenotype (either suppresser or enhancer,
respectively) of the other. A similar counterbalancing effect was also observed in 118E-15
(Figure 3C), although in this case a heteroallelic mutant JIL-1z2/JIL-1z60 was analyzed instead of
JIL-1z2/ +. The JIL-1z60 allele is a strong hypomorph producing only 0.3% of wild-type JIL-1
protein levels (WANG et al. 2001; ZHANG et al. 2003), and the combination of JIL-1z60 and
JIL-1z2 significantly enhances PEV at pericentric sites (BAO et al. 2007) including 118E-15
(Figure 3C). The heterozygous Su(var)3-71A functioned as a strong PEV suppressor at 118E-15
line as shown by that all flies exhibited pure dark red eyes. Introduction of JIL-1z2/ + did not
alter the red eye phenotype (data not shown). However, when the JIL-1 level was further
reduced by introduction of the JIL-1z60 strong hypomorphic allele, the variegation was restored,
as indicated by a wild type level of eye color (Figure 3C). In the DX-1 line, Su(var)3-71A/ + did
not significantly affect PEV (data not shown) whereas the heterozygous null allele Su(var)3-
714/ + moderately suppressed PEV (Figure 3D), presumably due to the lower amount of
Su(var)3-7. Therefore, the double mutant JIL-1z2 Su(var)3-714/ + was analyzed and again the
eye phenotype showed an intermediate distribution pattern as compared with JIL-1z2/ + and
Su(var)3-714/ +. Taken together, precise counterbalances between JIL-1 and Su(var)3-7 alleles
were observed in three different types of PEV sites.
Overexpressed Su(var)3-7 associates with JIL-1 at interband regions.
Previous studies by P. Spierer and colleagues demonstrated that overexpressed
Su(var)3-7 not only strongly bound to the chromocenter, but also expanded to the euchromatic
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chromosome arms with a staining pattern non-overlapping with DNA staining (JAQUET et al.
2002). Furthermore, high levels of Su(var)3-7 induce condensation of polytene chromosome
arms especially the male X chromosome, as well as a high level of H3K9 dimethylation and
HP1 on autosomes with the highest levels found on the male X chromosome (DELATTRE et
al. 2004). To examine the localization of excess Su(var)3-7 in the interband regions, we did
slight heat-shock so that the moderate level of induced Su(var)3-7 would not saturate and
condense the polytene chromosome. After slight heat shock the salivary glands from the
Su(var)3-7 transgenic line (P[HA:3-7FL]4D) were squashed and immuno-labeled with anti-
HA tag antibody for overexpressed Su(var)3-7 and chicken antibody 2889 for JIL-1. We found
that on the polytene chromosome squashes the HA-tagged Su(var)3-7 staining significantly
associated with many interband regions and largely colocalized with JIL-1 staining (Figure
4A,B). Moreover, an anti-JIL-1 rabbit antibody was able to immnuno-precipitate the HA-
tagged Su(var)3-7 from salivary gland extract (data not shown). These findings suggest a
potential interaction between JIL-1 and the ectopic Su(var)3-7 that has invaded to interband
regions.
DISCUSSION
One important mechanism in Drosophila for initiation of heterochromatin formation is
RNA interference (RNAi) (reviewed in RIDDLE and ELGIN 2008). In addition, exchange of
histone variants and covalent modifications of histone tails have also been found to be involved
in this process (SWAMINATHAN et al. 2005). Subsequent heterochromatin formation and
gene silencing require interdependent interactions among non-histone proteins such as HP1,
Su(var)3-9, and Su(var)3-7, as well as histone H3K9 dimethylation, to generate a self-
spreading machinery (LACHNER et al. 2001; SCHOTTA et al. 2002; JAQUET et al. 2006).
Su(var)3-7 in ectopic heterochromatin formation.
Although the interaction between Su(var)3-9, HP1 and Su(var)3-7 are well documented
at pericenric heterochromatin regions, they may function independently at other regions. For
example, HP1 binding has been shown to be independent of Su(var)3-9 on the fourth
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chromosome (SCHOTTA et al. 2002). Large scale mapping argued against the cooperation of
Su(var)3-9 and HP1 at chromosome arms (GREIL et al. 2003).  Ectopically targeted HP1 was
shown to mediate gene silencing in a Su(var)3-9-independent manner (DANZER and
WALLRATH 2004). Although Su(var)3-7 is known to bind with HP1 and can be recruited by
HP1 (DELATTRE et al. 2000), they are not tight partners. A truncated Su(var)3-7 lacking the
C-terminal half lost its HP1 binding ability but still localized to the chromocenter, suggesting
that Su(var)3-7 can be recruited to heterochromatin by another partner  (JAQUET et al. 2002).
Depletion of Su(var)3-7 does not affect HP1 binding at the chromocenter (JAQUET et al.
2002). Overexpressed Su(var)3-7 cannot recruit HP1 to ectopic sites in the absence of
Su(var)3-9 activity (DELATTRE et al. 2004). Our previous studies have shown that the
viability and polytene chromosome morphology in JIL-1 mutants could be significantly
rescued by introduction of Su(var)3-9 mutant alleles, however no rescue was observed by
reducing the dose of the Su(var)2-5 gene that encodes HP1, indicating that the lethality and
chromatin structural defects in JIL-1 mutants are largely due to ectopic Su(var)3-9 histone
methyltransferase activity independent of HP1 (DENG et al. 2007). These findings raised the
question of whether Su(var)3-7 could function outside of pericentric heterochromatin and
participate in the ectopic heterochromatin formation on chromosome arms observed in JIL-1
mutants.
To answer this question, we performed similar experiments as done with alleles of
Su(var)3-9 and Su(var)2-5 (DENG et al. 2007) to test for the genetic interactions between JIL-
1z2 null allele and two different Su(var)3-7 alleles,. The results show that heterozygous alleles
of both the hypomorph Su(var)3-71A and the null Su(var)3-714 are able to restore the viability
and polytene chromosome morphology of JIL-1z2 to a high level similar as observed for
Su(var)3-9. Furthermore, in the JIL-1z2 Su(var)3-7 double mutants the level of H3K9
dimethylation is still upregulated on the largely improved polytene chromosomes with similar
levels as found on JIL-1z2/JIL-1z2 chromosomes, suggesting that Su(var)3-7, not Su(var)3-9, is
the critical factor coupled to the lethality and chromosome perturbation in JIL-1 mutants.
Taken together, these studies give rise to a model that at non-pericentric heterochromatic
regions, Su(var)3-7 and Su(var)3-9 can form a HP1-free complex, in which Su(var)3-7
functions downstream of Su(var)3-9 and H3K9 dimethylation in heterochromatin formation
and gene silencing. Therefore, in JIL-1 mutants the potential ectopic formation of this complex
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may result in repression of essential genes and increase of ectopic contacts among
heterochromatic regions, thus resulting in polytene chromosome coiling. In future experiments
it will be interesting to directly test the existence of this potential complex, to identify other
possible partners in this complex, and to understand whether and how this HP1-free complex
mediates heterochromatin spreading.
Interestingly, the morphology of the male X polytene chromosome in the JIL-1 null
mutant is also partially improved with reduction of Su(var)3-7. This is in contrast with JIL-1z2
Su(var)3-9 double mutants, in which the male X morphology is largely unaffected (DENG et
al. 2007). The male X polytene chromosome is thought to be unique because of the
hyperacetylation on histone H4 resulting from the MOF histone acetyltransferase in the MSL
dosage compensation complex (BONE et al. 1994; HILFIKER et al. 1997). Loss of Su(var)3-7
also results in a puffed male X phenotype similar but not the same to that observed in JIL-1
mutants (SPIERER et al. 2005), while in the Su(var)3-9 null mutant the polytene chromosome
morphology is indistinguishable from wild-type (ZHANG et al. 2006). Therefore, Su(var)3-7
might participate in the architecture of the male X polytene chromosome independent of
Su(var)3-9, and act to counteract JIL-1 activity by an yet uncharacterized mechanism.
Dynamic balance between euchromatin and heterochromatin.
Several mechanisms have been proposed to account for the termination of
heterochromatin spreading. H2A.Z, a histone H2A variant, might function as a boundary
element to prevent the spread of heterochromatin in yeast (MENEGHINI et al. 2003). In S.
pombe, spLSD1/2, the homolog of histone demethylase LSD1, can prevent heterochromatin
spreading into euchromatin via removal of H3K9 monomethylation or dimethylation at
boundary elements (LAN et al. 2007). In Drosophila, the JAK/STAT pathway was reported to
globally counteract heterochromatic gene silencing (SHI et al. 2006) possibly through
destabilizing HP1 chromatin binding via phosphorylation of STAT (SHI et al. 2008). The
studies on JIL-1 have demonstrated this histone H3S10 kinase as an important euchromatic
component that is able to maintain euchromatic regions while antagonizing
heterochromatization and gene silencing (EBERT et al. 2004; ZHANG et al. 2006; LERACH
et al. 2006; BAO et al. 2007; DENG et al. 2007).
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On the other hand, euchromatin formation may also include a similar spreading
mechanism. For example, in mammals the MLL methyltransferase complex and the H3K4me2
reader WDR5 may produce spreading of the euchromatic mark H3K4 di- and tri-methylation
(WYSOCKA et al. 2005).  The mechanism to control and prevent euchromatin spreading is not
clear. Su(var)3-3, the LSD1 homolog in Drosophila, was found to be a euchromatin terminator
that initiated heterochromatin formation through removal of H3K4 methylation during the
early embryonic stage (RUDOLPH et al. 2007). It was well documented that increased levels
of Su(var)3-9, HP1, and Su(var)3-7 was able to induce hetrochromatin expansion and gene
silencing at some PEV sites (EBERT et al. 2004), and ectopic targeting of HP1 can induce
gene silencing at euchromatic sites (DANZER and WALLRATH 2004). However, whether
heterochromatin is required for antagonizing the expansion of euchromatin remains to be
addressed. In this study, we show that decrease of JIL-1 levels increase the viability of
Su(var)3-7 mutants, suggesting that the lethality of Su(var)3-7 mutants is to some degree a
consequence of the JIL-1-mediated euchromatin expansion, which potentially activate some
genes or elements that should be silenced in the wild type background. Given that this rescue is
not fully penetrant, we speculate that Su(var)3-7 may also function in other essential pathways
unrelated to JIL-1.
Our genetic interaction assays demonstrated that mutations in JIL-1 or Su(var)3-7 could
rescue lethality associated with the mutations in the other, indicating that JIL-1 and Su(var)3-7
counteract each other in the same pathway. This counterbalance was also revealed by PEV
assays. To exclude that this observation was site-specific, we analyzed three different PEV
sites that reflect different mechanisms of heterochromatin formation: In wm4, the white gene is
re-localized to the border of euchromatin and pericentric heterochromatin; in line 118E-15, the
white reporter gene is inserted within a telomeric heterochromatin region; in the DX1 line,
heterochromatin is formed within a euchromatic region. Similar results revealed at all three
PEV sites suggest that the counterbalance between JIL-1 and Su(var)3-7 alleles is a global
phenomenon. In these studies, specific combinations of hypomorphic and null JIL-1 and
Su(var)3-7 alleles gave the most penetrant results (figure 3), although the same tendency was
also detected in other combinations (data not shown). This finding indicates that the
euchromatin/heterochromatin balancing is sensitive, and critically influenced by the precise
amount of both euchromatic and heterochromatic players. This could explain why the Su(var)
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phenotype of Su(var)3-9 mutants was found to be dominant over JIL-1 mutants as revealed by
the pure red eye phenotype in all wm4 flies in JIL-1 Su(var)3-9 double mutant backgrounds
(data not shown) given that the H3K9 dimethylation level dramatically decreases even in
heterozygous Su(var)3-9 alleles (ZHANG et al. 2006; DENG et al. 2007). Precisely how
euchromatin and heterochromatin counterbalance each other remains to be further addressed.
Our finding that excess Su(var)3-7 invades into interband regions and might physically interact
with JIL-1 suggests that euchromatic and heterochromatic factors may co-exist and compete to
determine the states of chromatin packing and gene transcription. More detailed analyses such
as chromatin-IP and protein interaction assays would be useful for understanding the molecular
mechanism for the dynamic balancing between euchromatin and heterochromatin.
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FIGURE LEGENDS
FIGURE 1.  Morphology of polytene chromosomes in JIL-1 and Su(var)3-7 double
mutant backgrounds. Polytene chromosome preparations from female or male third instar
larvae with the genotype of wild-type (wt), homozygous JIL-1z2 (z2/z2), JIL-1z2 Su(var)3-
71A/JIL-1z2 (z2/z2, 3-71A), and JIL-1z2 Su(var)3-714/JIL-1z2 (z2/z2, 3-714) were labeled with
Hoechst to visualize the chromatin. Note the misalignment and intermixing of interband and
banded regions and the extensive coiling and folding of the chromosome arms in JIL-1z2/JIL-1z2
mutant chromosomes.  The male X chromosome (X) is particularly affected and no remnants
of banded regions are discernable in JIL-1z2/JIL-1z2. In contrast, in both female and male larvae
from double mutants z2/z2, 3-71A and z2/z2, 3-714 there is marked improvement of polytene
chromosome morphology of autosomes and the female X chromosomes. The chromosome
arms are largely unfolded with reduced ectopic contacts and a clearly discernible banding
pattern that in some cases attained near wild-type morphology. In addition, the morphology of
the male X chromosomes in z2/z2, 3-71A and z2/z2, 3-714 is also improved.
FIGURE 2.   Immunolabeling of histone H3K9 dimethylation (H3K9me2) on polytene
chromosomes from wild-type (wt, upper panel), JIL-1 null mutant (z2/z2, middle panel), and
JIL-1, Su(var)3-7 double mutant (z2/z2, 3-71A, lower panel) female third instar larvae.  The
polytene squashes were double labeled with antibody to H3K9me2 (in red) and with Hoechst
(DNA, in blue or gray). In wild-type preparations the H3K9me2 labeling is mainly localized to
and abundant at the chromocenter; in the absence of the JIL-1 kinase the H3K9me2 labeling
spreads to the chromosome arms (see also ZHANG et al. 2006; DENG et al. 2007).   In z2/z2,
3-71A double mutant larvae, although the chromosome morphology is largely improved, the
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H3K9me2 labeling is still upregulated on chromosome arms. Note that in both z2/z2 and z2/z2,
3-71A the H3K9me2 spreading is especially concentrated on the X chromosome (X) (see also
ZHANG et al. 2006).
FIGURE 3.  PEV analyses of wm4 (A, B), 118E-15 (C), and DX-1 (D) in different
genetic backgrounds combined with wild-type, JIL-1z2 null allele, JIL-1z60 hypomorph,
Su(var)3-71A hypomorph, Su(var)3-714 null allele, as well as JIL-1z2 Su(var)3-71A and JIL-1z2
Su(var)3-714 double mutants, as described in the figures. In the histograms the flies were sorted
into different classes based on the percentage of the eye that was red. The data suggest that for
each PEV line the variegation is enhanced by JIL-1 loss of function alleles and suppressed by
Su(var)3-7 loss of function alleles. However, in JIL-1 Su(var)3-7 double mutants the
variegation can be restored to an intermediate level close to the level observed in the wild-type
background, indicating a counterbalance between JIL-1 and Su(var)3-7 loss of function alleles.
FIGURE 4.  Colocalization of JIL-1 and Su(var)3-7 at polytene interband regions in
background that overexpresses Su(var)3-7. (A) Triple-labeling with anti-JIL-1 chicken Ab
(green), anti-HA mAb (red) and Hoechst (blue) of polytene chromosome squash from the
P[HA:3-7FL]4D line with moderately induced expression of HA-tagged Su(var)3-7, showing
significant colocalization between JIL-1 and HA-staining. (B) A chromosome fragment (white
box in A) was visualized in high magnification showing high degree of overlapping of JIL-1
(green) with invaded Su(var)3-7 as labeled by anti-HA antibody (red) in the interband regions
revealed by less Hoechst staining (blue or gray).
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CHAPTER 6.  ECTOPIC HISTONE H3S10
PHOSPHORYLATION CAUSES CHROMATIN STRUCTURE
REMODELING IN DROSOPHILA
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Huai Deng, Xiaomin Bao, Weili Cai, Melissa J. Blacketer, Andrew S. Belmont, Jack Girton,
Jørgen Johansen and Kristen M. Johansen
SUMMARY
Histones are subject to numerous post-translational modifications that correlate with the
state of higher order chromatin structure and gene expression.  However, it is not clear whether
changes in these epigenetic marks are causative regulatory factors in chromatin structure
changes or whether they play a mainly reinforcing or maintenance role.  In Drosophila
phosphorylation of histone H3S10 in euchromatic chromatin regions by the JIL-1 tandem
kinase has been implicated in counteracting heterochromatization and gene silencing.  Here we
show using a LacI-tethering system that JIL-1 mediated ectopic histone H3S10
phosphorylation is sufficient to induce a change in higher order chromatin structure from a
condensed heterochromatin-like state to a more open euchromatic state.  This effect was absent
when a "kinase dead" LacI-JIL-1 construct that is without histone H3S10 phosphorylation
activity was expressed.  Instead, the "kinase dead" construct had a dominant-negative effect
leading to a disruption of chromatin structure that was associated with a global repression of
histone H3S10 phosphorylation levels.  These findings provide direct evidence that the
epigenetic histone tail modification of H3S10 phosphorylation at interphase can function as a
causative regulator of higher order chromatin structure in Drosophila in vivo.
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INTRODUCTION
 Almost all known histone modifications correlate with activating or repressive
functions dependent on which histone variant or amino acid residue is modified (Allis et al.,
2007).  However, these histone modifications do not occur in isolation but rather in a
combinatorial manner leading to both synergistic and antagonistic pathways (Allis et al., 2007)
in which the same mark may participate (Berger, 2007).  This has made it difficult to establish
a defined causative biological effect of the addition or removal of a single mark in vivo.  In
Drosophila it has recently been demonstrated that histone H3S10 phosphorylation by the JIL-1
kinase is important for maintaining chromatin structure and gene expression (Wang et al.,
2001; Ebert et al., 2004; Deng et al., 2005; Zhang et al., 2006; Bao et al., 2007).  The JIL-1
histone H3S10 tandem kinase localizes specifically to euchromatic interband regions of
polytene chromosomes (Jin et al., 1999) and analysis of a JIL-1 null allele, JIL-1z2, has shown
that JIL-1 is essential for viability (Wang et al., 2001; Zhang et al., 2003).  Furthermore,
mutational analysis has demonstated that a reduction in JIL-1 kinase activity leads to a global
disruption of chromatin structure and that maintaining histone H3S10 phosphorylation levels at
the euchromatic regions is necessary to counteract heterochromatization and gene silencing
(Wang et al., 2001; Ebert et al., 2004; Zhang et al., 2006; Bao et al., 2007). However, we were
interested in determining whether phosphorylation of the histone H3S10 residue by the JIL-1
kinase in addition may serve as an epigenetic mark that can play a causative role in establishing
euchromatic chromatin regions. To test this hypothesis we applied a LacI-tethering system that
has previously been used to study the effects of transcriptional activators on large-scale
chromatin structure in mammalian cells (Tumbar et al., 1999; Carpenter et al., 2005) as well as
the effects of ectopic HP1 on chromatin structure and gene silencing in Drosophila (Li et al.,
2003; Danzer and Wallrath, 2004).  Using this approach we show that JIL-1 mediated ectopic
histone H3S10 phosphorylation is sufficient to induce a change in higher order chromatin
structure from a condensed heterochromatin-like state to a more open euchromatic state during
development.
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MATERIALS AND METHODS
LacI fusion constructs.
The DNA-binding domain of the lacI repressor from E. coli was fused to the NH2-
terminus of the full-length JIL-1 cDNA (Wang et al., 2001) inserted in the pUAST vector.  A
"kinase dead" lacI-JIL-1 was generated using the TransformerTM Site-Directed Mutagenesis kit
(Clon-Tech) to introduce K293A and K652A substitutions in the ATP-binding loops for each
kinase domain.  The fidelity of the constructs was verified by sequencing at the Iowa State
University Sequencing Facility.
Drosophila melanogaster stocks.
Fly stocks were maintained according to standard protocols (Roberts, 1998).  Lac
operator insertion lines and the GFP-lacI fusion line are described in Li et al. (2003) and
Danzer and Wallrath (2004).  LacI-JIL-1 and LacI-JIL-1 kinase dead pUAST lines were
generated by standard P-element transformation (BestGene, Inc.) and driven using the tub-
GAL4 (P[tub>CD2>GAL4]) or Sgs3-GAL4 drivers (obtained from the Bloomington Stock
Center) introduced by standard genetic crosses.
Immunohistochemistry.
Polytene chromosome squash preparations were performed as in Kelley et al. (Kelley et
al., 1999) using either 1 or 5 minute fixation protocols and labeled with antibody as described
in Jin et al. (1999).  Primary antibodies include rabbit anti-GFP (Molecular Probes), rabbit anti-
H3S10ph (Epitomics), mouse anti-Pol IIoser2 (Covance),  mouse anti-Pol IIoser5 (Covance), rabbit
anti-H4K16ac (Upstate Biotechnology), rabbit anti-BRM (gift from Dr. J. Tamkun), mouse
anti-lacI (Upstate Biotechnology), rabbit anti-JIL-1 (Jin et al., 1999), chicken anti-JIL-1 (Jin et
al., 2000), and anti-JIL-1 mAb 5C9 (Jin et al., 2000).  DNA was visualized by staining with
Hoechst 33258 or with propidium iodide (Molecular Probes) in PBS.  The final preparations
were mounted in 90% glycerol containing 0.5% n-propyl gallate and examined using
epifluorescence optics (40X Plan-Neofluar 1.30 NA) on a Zeiss Axioskop microscope.  Images
were captured and digitized using a Spot CCD camera (Diagnostic Intruments), imported into
Photoshop, and pseudocolored, image-processed, and merged.
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Immunoblot analysis.
Immunoblot analysis was performed as described by Wang et al. (2001) using extracts
from third-instar salivary glands of the specified genotype.  For the quantification of
immunolabeling, digital images of exposures of immunoblots on blue X-ray film (Phenix) were
analyzed using the ImageJ software as previously described (Zhang et al., 2006).
RESULTS
Within the eukaryotic nucleus genomic DNA is organized into distinct chromosomal
domains consisting of condensed, silent chromatin interspersed with regions of decondensed,
transcriptionally active chromatin (Khorasanizadeh, 2004).  A clear example of this is found
within the band-interband regions observed in Drosophila larval polytene chromosomes
(Ananiev and Barsky, 1985; Zhimulev et al., 2004) where gene active interband regions are
made up of parallel oriented 10 nm nucleosome fibrils loosely aligned whereas in the
transcriptionally repressed banded regions the nucleosome fibrils are folded into 30 nm
chromosome fibrils that are further compacted into dense higher order chromatin structures
(Ananiev and Barsky, 1985; Zhimulev et al., 2004). The two states of chromatin can readily be
distinguished in polytene squash preparations by labeling with the fluorescent DNA dyes
Hoechst or propidium iodide which bind stoichiometrically to DNA (Haugland, 2002).  In
order to determine whether ectopic histone H3S10 phosphorylation would be sufficient to
induce a change in higher order chromatin structure and turn a condensed banded chromatin
region into an interband regon with a more open euchromatic chromatin structure we applied a
LacI tethering system (Tumbar et al., 1999; Li et al., 2003; Danzer and Wallrath, 2004;
Carpenter et al., 2005). The tethering system has two components, a reporter transgene
containing 256 repetitive binding sites (lacO repeats) for the lac repressor DNA binding
domain (LacI) and a transgene expressing a LacI domain fused to the protein of interest under
UAS-GAL4 promoter control. We generated expression stocks containing two transgenes, one
encoding the LacI binding domain fused to full-length JIL-1, and one encoding a "kinase dead"
version of JIL-1 where the critical lysine for catalytic activity (Bjørbæk et al., 1995) in each of
the two kinase domains (K293 and K652, respectively) was changed to alanine (Fig. 1).  In
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addition, an expression construct containing a transgene encoding green fluorescent protein
(GFP) was used as a control (Li et al., 2003).
Ectopic tethering of LacI-JIL-1 induces histone H3S10 phosphorylation and chromatin
decondensation
We first analyzed the effect of tethering JIL-1 using line P11.3 and a tub-Gal4 driver
for LacI fusion protein expression.  The lacO repeat containing P-element in P11.3 is inserted
into the middle of a polytene band in region 96C1-2 (Li et al., 2003) as verified by PCR
analysis (Li et al., 2003) as well as by light and electron microscopy (Novikof et al., 2007).
When LacI-GFP was tethered as detected by GFP-antibody (Fig. 2A) the band's condensed
morphology in polytene squash preparations from third instar larval salivary glands remains
without any obvious subdivisions as labeled by Hoechst.  However, when LacI-JIL-1 was
tethered to this location as detected by either LacI (Fig. 2B) or JIL-1 antibody (Fig. 2C) the
chromatin attains an interband morphology and the band appears "split in two" reflecting a
decondensation of the chromatin.  This phenotype was robust and found in at least 75% of the
chromosomes examined from more than 30 independent squash preparations and was not
present in the absence of tub-GAL4 induction (Fig. 2D). Furthermore, the tethering of the LacI-
JIL-1 fusion protein was clearly associated with distinct hyperphosphorylation of the histone
H3S10 residue as demonstrated by double-labeling with H3S10ph antibody. This is in contrast
to the tethering of LacI-GFP which did not result in ectopic or upregulated H3S10
phosphorylation (Fig. 2A).  Thus, these experiments strongly suggest that histone H3S10
phosphorylation by the JIL-1 kinase is sufficient to promote striking changes in chromosomal
packaging into a more open euchromatic state in an otherwise condensed banded chromatin
region that is normally without histone H3S10 phosphorylation.
To verify that these results were not an artifact of the polytene squash method or
limited to the P11.3 lacO insertion line we examined heterozygous preparations of two other
insertion lines, P19.9 and 4D5, in addition to P11.3.  The lacO repeat line P19.9 is inserted into
a band-interband junction in polytene region 63C5 (Li et al., 2003) whereas line 4D5 is inserted
into an interband at region 4D5 (Danzer and Wallrath, 2004).  In the heterozygous condition
only one of the paired chromatids of the polytene chromosomes will carry the lacO repeats
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with the other chromatid being wild-type.  As illustrated in Fig. 3 when LacI-JIL-1 is targeted
to such heterozygous polytene chromosome preparations morphological changes and
chromatin decondensation predominantly occurred in the chromatid where LacI-JIL-1 is
tethered.  In the case of the interband and the band-interband junction insertions the increased
accumulation of LacI-JIL-1 at the tethering site nucleated spreading of high levels of LacI-JIL-
1 and histone H3S10 phosphorylation to surrounding chromosome regions in some cases
leading to chromatin decondensation of adjacent bands (Fig. 3B-D). Such spreading was also
observed in P11.3/+ preparations; however, from this insertion site the spreading was often
discontinuous resulting in small ectopic patches of upregulated LacI-JIL-1 (Fig. 3A).  In some
preparations the two paired chromatids of the polytene chromosomes were slightly separated at
the insertion site making the LacI-JIL-1 induced changes in chromatin structure especially
evident (Fig. 3C, D).  This separation may be due to alterations in chromatid alignment caused
by the changes in chromatin structure in only one of the chromatids.
Tethering of LacI-JIL-1 "kinase dead" to lacO repeat insertion sites has a dominant
negative effect
To verify that the observed chromatin structure changes depended on JIL-1 kinase
mediated histone H3S10 phosphorylation and not on the tethering of the LacI-JIL-1 construct
itself we examined the effects of tethering a LacI-JIL-1 "kinase dead" construct (LacI-JIL-1-
kd).  When this construct was expressed in the lacO repeat line P11.3 it accumulated at higher
concentrations in the target area (Fig. 4A); however, instead of opening up the compacted
chromatin as in the case when wild-type LacI-JIL-1 was targeted it induced severe chromatin
structure perturbations as well as numerous ectopic contacts between nonhomologous
chromatin regions (Fig. 4B, C).  This phenotype was observed at every target site examined in
more than fifty chromosome squash preparations.  As illustrated in Fig. 4B the accumulation of
LacI-JIL-1-kd was not associated with any detectable upregulation of histone H3S10
phosphorylation.  Furthermore, immunoblot analysis of protein extracts from third instar larval
salivary glands (Fig. 4D) showed that endogenous JIL-1  (0.70 ± 0.13 of wild-type levels, n=6)
as well as histone H3S10 phosphorylation levels  (0.24 ± 0.18 of wild-type levels, n=8) were
reduced when LacI-JIL-1-kd was expressed.  These results suggest that expression of LacI-JIL-
1-kd had a dominant negative effect and that it reduced global histone H3S10 phosphorylation
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levels by displacing native JIL-1 from JIL-1's normal binding sites. That LacI-JIL-1-kd
localized to euchromatic interband regions is illustrated by LacI antibody labeling in Fig. 4A.
Furthermore, Fig. 4A shows that this localization often led to chromatin disruption and ectopic
chromatin associations at additional chromosome sites to that of the lacO repeat insertion site.
The chromatin structure disruption caused by LacI-JIL-1-kd recruitment in homozygous
insertion lines was too extensive to allow for the determination of the exact location of the
target site (Fig. 4B). However, in some cases remnants of the polytene band-interband
organization was sometimes still discernible as shown in Fig. 4C.  Figure 4C further illustrates
that the ectopic chromatin connections between nonhomologous chromatin regions near the
target sites were associated with high levels of LacI-JIL-1-kd.
Chromatin remodeling induced by Lac-JIL-1 tethering is not due to a stage-specific
developmental program
The tub-GAL4 driver is active throughout salivary gland polytene chromosome
formation. Therefore, in order to test whether LacI-JIL-1 induced histone H3S10
phoshorylation can also effect changes after polytene chromosome band/interband structure has
been well established at second and early third instar larval stages (Ananiev and Barsky, 1985;
Zhimulev et al., 2004) we performed tethering experiments with the salivary gland-specific
Sgs3-GAL4 driver line.  The onset of expression of this driver is not before the mid-third instar
larval transition midway through the third larval instar (Cherbas et al., 2003).  As illustrated in
Fig. 5A, B we observed similar changes in chromatin structure to those induced using the tub-
GAL4 driver line.
The LacI-JIL-1 tethering induced chromatin changes are not associated with enhanced
transcriptional activity
An important issue is whether the observed changes in chromatin structure are
associated with transcriptional activation or whether the changes occur independently of
transcription.  We therefore labeled the LacI-JIL-1 tethering site in preparations homozygous
for the lacO repeat line P11.3 with antibody to the elongating form of RNA polymerase II (Pol
IIoser2) which is phosphorylated at serine 2 in the COOH-terminal domain (Weeks et al., 1993;
Boehm et al., 2003).  As illustrated in Fig. 6A there is no upregulation of Pol IIoser2 labeling at
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the tethering site and the labeling is several fold less than at adjacent transcriptionally active
regions as indicated by the robust levels of Pol IIoser2 at these sites.  We also labeled the LacI-
JIL-1 tethering site with antibody to the paused form of RNA polymerase II (Pol IIoser5) which
is phosphorylated at serine 5 in the COOH-terminal domain (Weeks et al., 1993; Boehm et al.,
2003). As shown in Fig. 6B the labeling was absent or at very low levels at the tehering site
compared to adjacent interband regions.   These data indicate that the chromatin structure
changes are likely to be independent of enhanced transcriptional activity.
JIL-1 is associated with the male specific lethal (MSL) dosage compensation complex
(Jin et al., 1999; 2000) and therefore potentially could recruit dosage compensation proteins
leading to local acetylation of histone H4K16.  However, as illustrated in Fig. 6C tethering of
LacI-JIL-1 does not lead to enhanced histone H4K16 acetylation at the lacO tethering site.
Moreover, the chromatin structure changes resulting from LacI-JIL-1 tethering occur in both
male and females suggesting that it is highly unlikely that the MSL dosage compensation
complex contributes to these changes. Another candidate complex to mediate the chromatin
structure changes if recruited to the LacI-JIL-1 tethering sites is the Brahma (BRM) chromatin
remodeling complex which is associated with nearly all transcriptionally active chromatin at
chromosome puffs and interband polytene chromosome regions (Armstrong et al., 2002).
However, as shown in Fig. 6D levels of the BRM protein are considerably lower at the LacI-
JIL-1 tethering site in the homozygous P11.3 lacO insertion line compared to the levels at
adjacent interband regions.
DISCUSSION
A large number of histone modifications such as acetylation, methylation, and
phosphorylation have been correlated with changes in chromatin structure and gene
transcription (Allis et al., 2007).  The modifications have been broadly classified into either
repressing or activating; however it has become clear that many of these marks may have
several complex and seemingly conflicting roles (Berger, 2007).   For this reason it has been
difficult to assign clear mechanistic functions to these histone marks and to determine whether
they represent a cause or an effect.  For example, in previous studies of histone H3S10
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phosphorylation in Drosophila using mutational analysis (Wang et al., 2001; Zhang et al.,
2006) it could not be resolved whether the H3S10ph mark had the capacity to induce chromatin
changes or whether it only played a reinforcing or maintenance role. Here we demonstrate
using a LacI tethering system that ectopic histone H3S10 phosphorylation by the JIL-1 kinase
is sufficient to cause striking changes in chromatin packaging from a condensed to an open
state.  This effect was absent when a "kinase dead" LacI-JIL-1 construct that is without histone
H3S10 phosphorylation activity was expressed.  This indicates that the observed chromatin
structure changes depended on JIL-1 kinase mediated histone H3S10 phosphorylation and not
on the tethering of the LacI-JIL-1 construct itself. Instead, the kinase dead construct had a
dominant-negative effect leading to a disruption of chromatin structure that was associated
with a global repression of histone H3S10 phosphorylation levels.  Interestingly, these
dominant negative effects of LacI-JIL-1-kd on chromatin structure phenocopy those observed
in JIL-1 loss-of-function null mutants (Wang et al., 2001; Deng et al., 2005).  Furthermore
using a late-onset driver we show that LacI-JIL-1 induced histone H3S10 phosphorylation can
also effect changes after polytene chromosome band/interband structure has been well
established at second and early third instar larval stages (Ananiev and Barsky, 1985; Zhimulev
et al., 2004).  Thus, the changes in chromatin packaging are not likely to depend on constitutive
histone H3S10 phosphorylation or a stage-specific developmental program.
Phosphorylation of histone H3S10 has been linked to heat shock induced chromatin
puffs and transcriptional activation in Drosophila (Nowak and Corces, 2004; Ivaldi et al.,
2007) suggesting the possibility that the chromatin changes resulting from ectopic LacI-JIL-1
tethering could be associated with activation of the RNA polymerase II machinery.  However,
several studies have indicated that the expanded chromatin state during puffing in many cases
precedes and/or is separable from gene activation (Meyerowitz et al., 1985; Tulin and
Spradling, 2003).  Using antibody to the elongating form of RNA polymerase II we did not
detect any indications of increased transcriptional activity at the LacI-JIL-1 tethering sites.
Similarly, there was no upregulation compared to adjacent interband regions of the BRM
chromatin remodeling complex which has been shown to play a general role in facilitating
transcription by RNA polymerase II in Drosophila (Armstrong et al., 2002).  Taken together
these results indicate that the histone H3S10 phosphorylation induced changes observed in this
study are not likely to be a consequence of enhanced transcriptional activity.  However, it
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should be emphasized that a role for the BRM complex or other chromatin remodeling
complexes in mediating these changes in chromatin structure cannot be ruled out based on the
present experiments but will require more comprehensive studies.
The above described observations suggest a model for how targeting of LacI-JIL-1 can
establish euchromatic domains in otherwise banded polytene regions with condensed higher
order chromatin (Fig. 7).  The presence of an extended region of lacO repeats recruits high
levels of LacI-JIL-1 which in turn hyperphosphorylates histone H3S10 at the target site as well
as at adjacent chromatin regions (Fig. 7B).  The ectopic phosphorylation of histone H3S10
subsequently induces the release of condensing factors and/or recruits euchromatic remodeling
factors  (Fig. 7B).  It is unlikely that H3S10 phosphorylation would have a direct effect on
higher order chromatin folding since nucleosomal arrays assembled with phosphorylated
H3S10 do not behave differently from unmodified H3S10 (Fry et al., 2004). In addition,
mutational analysis has demonstrated that JIL-1 mediated maintenance of H3S10
phosphorylation levels at euchromatic regions is necessary to counteract heterochromatization
and gene silencing (Zhang et al., 2006).  Therefore, a plausible scenario for a molecular
mechanism is that the ectopic phosphorylation of histone H3S10 antagonizes the binding
and/or activity of condensing factors thereby inducing a euchromatic chromatin state (Fig. 7B).
Interestingly, phosphorylation of histone H3S10 by the Aurora B kinase during mitosis has
been shown to mediate the dissociation of HP1 proteins from heterochromatin in a
"methyl/phos switch" mechanism (Fischle et al., 2005; Hirota et al., 2005) although a causal
relationship between this "switch" and chromosome condensation has yet to be established.
However, our data demonstrate that during interphase H3S10 phosphorylation plays a different
role than during mitosis and that this epigenetic modification is likely to be a crucial factor in
both establishing as well as in maintaining euchromatic chromatin domains during
development.
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FIGURE LEGENDS
Fig. 1.  Diagrams of the LacI-fusion constructs used for tethering to lacO repeat
transgenic insertion lines. The JIL-1 histone H3S10 kinase is a 1207 amino acid protein with
two kinase domains, KDI and KDII.
Fig. 2.   Ectopic tethering of lacI-JIL-1 fusion protein to a polytene band induces
histone H3S10 phosphorylation and chromatin decondensation. (A to C) Triple labelings
of polytene squash preparations from third instar larvae homozygous for the lacO repeat line
P11.3 which is inserted into the middle of a polytene band in region 96C1-2. GFP-LacI was
tethered to the lacO repeats in (A) and LacI-JIL-1 in (B) and (C).  GFP, LacI, and JIL-1
antibody labeling is shown in green, H3S10ph antibody labeling in red, and Hoechst labeling
of DNA in blue or grey. The white arrows indicate the lacO repeat insertion site. The polytene
chromosomes from the three preparations are aligned to show the "split" in the polytene bands
reflecting decondensation of the chromatin when lacI-JIL-1 fusion protein is tethered to the
band in contrast to its wild-type morphology when GFP-LacI is tethered and there is no ectopic
upregulation of histone H3S10 phosphorylation. Note: the endogenous JIL-1 and H3S10ph
antibody labeling is too weak relative to the LacI-JIL-1 signal and the induced
hyperphosphorylation of H3S10 to be clearly visible at this exposure level.  (D) Without a
GAL4-driver line there is no LacI expression or changes to the band/interband structure.
Double labelings with LacI antibody (in green) and Hoechst (in blue or grey) of polytene
squash preparations from third instar larvae homozygous for the lacO repeat line P11.3 and
containing a LacI-JIL-1 transgene but without a GAL-4 driver.  Arrows indicate the
approximate lacO repeat insertion sites.
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Fig. 3.  Tethering of LacI-JIL-1 to heterozygous lacO repeat insertion lines.  (A to
C) Polytene squash preparations double labeled with JIL-1 antibody (green) and either Hoechst
or propidium iodide (red or grey).    Heterozygous preparations for the band insertion line
P11.3 (A), the band-interband insertion line P19.9 (B), and the interband insertion line 4D5 (C)
are shown. (D)  Heterozygous preparation for  the interband insertion line 4D5 triple labeled
with LacI antibody in green, H3S10ph antibody in red, and with Hoechst labeling of DNA in
blue or grey.   Arrowheads in (B) and (C) points to bands of compacted chromatin that are
decondensed on the polytene chromosome half where LacI-JIL-1 was targeted.  A tub-GAL4
driver was used in (A to D).
Fig. 4.  Tethering of LacI-JIL-1 "kinase dead" to lacO repeat insertion lines.  (A)
Double labeling of a polytene squash preparation homozygous for the lacO repeat line P11.3
with LacI antibody (in green) and with Hoechst (in blue and grey).  The arrow indicates
chromatin structure perturbations at the insersion site.  Arrowheads indicate chromatin
structure perturbations and ectopic contacts at other sites.  (B) Triple labeling of a polytene
squash preparation homozygous for the lacO repeat line P11.3 with LacI antibody (in green),
with H3S10ph antibody (in red) and with Hoechst (in blue and grey).  The upper panel shows
LacI-JIL-1 tethering compared to LacI-JIL-1 kinase dead tethering in the lower panel.  Arrows
indicate the approximate lacO repeat insertion sites. (C)  Triple labeling of a polytene squash
preparation heterozygous for the lacO repeat lines P11.3 and 4D5 with LacI antibody (in
green), with JIL-1 antibody (in red) and with Hoechst (in blue and grey).  Arrows indicate the
approximate lacO repeat insertion sites. (D)  Levels of H3S10 phosphorylation were reduced
when LacI-JIL-1 kinase dead was expressed as compared to wild-type levels and when LacI-
JIL-1 was expressed in homozygous lacO P11.3 lines.  Immunoblots were performed on
extracts from third instar larval salivary glands and labeled with JIL-1, H3S10ph, histone H3,
and tubulin antibodies.  The upper arrow indicates LacI-JIL-1 or LacI-JIL-1-kd whereas the
lower arrow shows the location of wild-type JIL-1.
Fig. 5.  Tethering of LacI-JIL-1 to lacO repeat insertion lines using a late onset
Sgs3-GAL4 driver.  The figure shows polytene squash preparations double labeled with LacI
antibody (green) and  propidium iodide (red or grey).    (A)  Homozygous preparation for the
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band insertion line P11.3.  (B)  Heterozygous preparation for the interband insertion line 4D5.
Arrows in (A) and (B) points to areas of compacted chromatin that were decondensed where
LacI-JIL-1 was targeted.
Fig. 6. Tethering of LacI-JIL-1 is not associated with upregulation of neither Pol
IIoser2, Pol IIoser5, histone H4K16 acetylation, nor of the BRM complex at the LacO
insertion site.  Triple labelings with JIL-1 antibody (in green), Pol IIoser2 antibody (A) or Pol
IIoser5 antibody (B)  (in red), and Hoechst (in blue or grey) of polytene squash preparations
from larvae homozygous for the lacO repeat line P11.3.  (C) Triple labeling with JIL-1
antibody (in green), histone H4K16ac antibody (in red), and Hoechst (in blue or grey) of a
polytene squash preparation from a male third instar larvae homozygous for the lacO repeat
line P19.9.  The upregulation of histone H4K16 acetylation on the male X chromosome (X) is
clearly evident in comparison to the normal autosomal level at the tethering site (arrows). (D)
Triple labelings with LacI antibody (in green), Brahma antibody (in red), and Hoechst (in blue
or grey) of polytene squash preparations from larvae homozygous for the lacO repeat line
P11.3.
Fig. 7.  Model for the establishment of a euchromatic chromatin state by ectopic
H3S10 phosphorylation. (A) lacO repeats (in red) inserted into a polytene band region with
condensed chromatin in the absence of LacI-JIL-1 expression.  The region has normal band-
interband morphology.  (B)  When LacI-JIL-1 is expressed the extended region of lacO repeats
recruits high levels of LacI-JIL-1 which in turn hyperphosphorylates histone H3S10 at the
target site as well as at adjacent chromatin regions.  The ectopic phosphorylation of histone
H3S10 subsequently induces the release of condensing factors and/or recruits chromatin
remodeling factors resulting in a euchromatic chromatin state at and near the insertion site.
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CHAPTER 7.  GENERAL CONCLUSIONS
GENERAL DISCUSSION AND FUTURE DIRECTIONS
JIL-1 is Required for Euchromatin Maintenance via Antagonizing Heterochromatin
Reduction of JIL-1 gives rise to severely disrupted polytene chromosome morphology
(Wang et al., 2001). To further characterize this phenotype, electron microscopy analyses
were performed and multiple ultra-structural defects including misalignment of interband
chromatin fibrils, intermixing of decondensed and compacted chromatin regions, and
increased ectopic contacts were detected (Deng et al., 2005). These phenotypes suggest an
enhanced level of heterochromatin, which was later supported by the discovery of ectopic
spreading of heterochromatin markers H3K9 dimethylation and HP1 on the mutated
chromosome arms (Zhang et al., 2006; Deng et al., 2007). Moreover, the lethality and
chromosome morphology defects associated with loss of JIL-1 can be largely rescued by
reduction of heterochromatin components including Su(var)3-9 and Su(var)3-7, indicating
that JIL-1 is required to maintain euchromatin architecture and normal gene expression via
antagonizing ectopic heterochromatization correlated with Su(var)3-9 and Su(var)3-7.
However, this ectopic heterochromatin formation might be uncoupled from HP1 since no
genetic interaction has been detected between JIL-1 and Su(var)2-5, the gene that encodes
HP1. Our studies using “kinase dead” JIL-1 suggest that the kinase activity of JIL-1 is
essential for this antagonism to heterochromatization.
Given the role of JIL-1 in maintenance of euchromatic chromatin structure, we
hypothesized that JIL-1 would function as an E(var) in position effect variegation (PEV)
assays, which was supported by the finding that loss-of-function alleles of the JIL-1 enhances
the variegation of some mini-white reporter genes inserted into pericentric heterochromatic
sites (Bao et al., 2007). However, hypomorphic loss-of-function alleles of JIL-1 are strong
suppressors of PEV of the wm4 allele (Lerach et al., 2006). Given that loss of JIL-1 results in
ectopic spreading of heterochromatic factors whose overall levels otherwise remained
unchanged, this unexpected PEV result could be explained by the dramatic decrease of
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heterochromatin at pericentric regions including the wm4 site due to a global redistribution of
heterochromatic factors (Lerach et al., 2006). Consistent with this model, moderate reduction
of JIL-1 in the JIL-1 null heterozygote does enhance PEV at the wm4 site (Deng et al., in
preparation). Furthermore, a sensitive balance between JIL-1 and Su(var)3-7 alleles was
detected by PEV assays at different sites localizing to different chromosomal regions (Deng
et al., in preparation). These results reveal a counterbalance between euchromatic and
heterochromatic factors.
In the future, detailed analyses such as chromatin-IP (ChIP) would be necessary to
directly examine the distribution of JIL-1 and heterochromatin factors at the PEV sites.
Genome-wide ChIP combined with microarray or “deep-sequencing” assays could be applied
in wild-type as well as JIL-1 mutants and Su(var) mutants to identify global distribution of
these factors and dynamic interaction among them.
JIL-1/H3S10ph is Sufficient to Establish a Less-Condensed Chromatin Structure
Although histone modifications have long been considered as important regulators for
chromatin structure (Strahl and Allis, 2000), it is not clear whether they could causatively
regulate chromatin structure changes or just play a mainly reinforcing or maintenance role. In
our studies, to directly test if JIL-1 and H3S10ph are sufficient to establish or maintain a
euchromatic structure, JIL-1 was ectopically targeted to a polytene band as well as interband
regions using a LacI/lacO tethering system. The JIL-1-mediated ectopic H3S10ph was found
to be sufficient to induce a change in higher order chromatin structure from a condensed
heterochromatin-like state to a more open euchromatic state, while this effect was absent
when a "kinase dead" JIL-1 without H3S10 phosphorylation activity was tethered (Deng et
al., 2008). To our knowledge, this finding provides the first in vivo evidence that a histone
modification might function as a causative regulator of higher order chromatin structure.
It is unlikely that H3S10ph alone has a direct role for chromatin decondensation since
in vitro nucleosomal arrays assembled with phosphorylated H3S10 do not behave differently
from unmodified H3S10 (Fry et al., 2004). Therefore, H3S10ph might function through
recruiting some chromatin opening factors and/or releasing some chromatin compacting
factors. So far, since the potential partners being recruited by JIL-1 to the tethering sites have
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not been identified, we favor a model that H3S10ph might generate a less condensed
chromatin structure via antagonizing heterochromatic factors. Supporting our hypothesis, in
mammalian cells, mitotic H3S10ph can release HP1 from H3K9me3 thus freeing the
chromosomes to bind condensins that promote high chromatin condensation, giving evidence
supporting the binary switch model (Fischle et al., 2005). Recently, it was found that HP1
release could also be induced by interphase H3S10ph, with the involvement of 14-3-3 and
additional H3K9 or H3K14 acetylation (Winter et al., 2008).
The ectopic tethering system provides a way for identifying potential direct partner of
JIL-1 and H3S10ph. Therefore more chromatin remodeling factors will be tested later for
their potential interaction and cooperation with JIL-1 or H3S10ph mark in chromatin
decondensation. Some of the candidates include: ISWI and NURF301, components of an
ATP-dependent chromatin remodeling complex (Bouazoune and Brehm, 2006); PARP (Poly-
ADP-ribose polymerase), which can induce chromatin decondensation at heat-shock puffs
via poly-ADP-ribosylation of histones in Drosophila (Tulin and Spradling, 2003); 14-3-3, the
potential H3S10ph reader (Winter et al., 2008), whose homologue in Drosophila has not
been studied.  On the other hand, to directly test the hypothesis that H3S10ph could release
heterochromatin factors, we will perform chromatin-IP assays to check the level and
distribution of H3K9me2 and HP1 at the JIL-1 tethering sites.
The Role of JIL-1 in Transcription Activation
Studies in Corces’ lab have linked JIL-1 and H3S10ph to heat-shock-induced
chromatin puffs and transcriptional activation in Drosophila (Ivaldi et al., 2007). However,
our studies strongly argue a direct role of interphase H3S10ph in transcription at heat-shock
puffs (Cai et al., in press). Furthermore, ectopically targeted JIL-1 and H3S10ph, although
highlighted at tethering sites, do not induce high levels of phosphorylated RNA polymerase
II, the classic transcription marker (Deng et al., 2008). Consistent with this observation, real-
time PCR assay did not detect obvious transcriptional alteration of the reporter gene at the
targeting sites (Bao, unpublished data). Immuno-labeling of JIL-1 almost complements with
the pattern of the transcription-related marker H3K4me2 within the interband regions (Deng,
unpublished data). Therefore, JIL-1 and interphase H3S10ph possibly play indirect roles via
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generating a less condensed chromatin state that is required but not sufficient for normal
level of initiation and procession of transcription.
The Role of JIL-1 in Male X Polytene Chromosome Maintenance
In JIL-1 mutants, the male X polytene chromosome is severely affected and exhibits a
so-called “pompon”-like phenotype (Wang et al., 2001; Deng et al., 2005). GFP marker
labeling on this defective chromosome indicates loss of tight cohesion among the chromatin
fibers (Deng et al, 2005). This phenotype is not likely due to the high levels of H3K9me2 and
HP1 since these heterochromatin markers are also upregulated on the female X chromosome
whose morphology is not distinct to the autosomes (Zhang et al., 2006). Moreover,
significantly decreasing H3K9me2 by reducing Su(var)3-9 cannot rescue this male X
phenotype (Zhang et al., 2006), while overexpression of Su(var)3-7 leading to ectopic
upregulation of H3K9me2 and HP1 induces shortened and condensed male X chromosomes
instead of a puffy look (Delattre et al., 2004). The specific dosage compensation-related
histone hyper-acetylation on the male X might contribute to the high decondensation of
chromatin since reducing H4K16ac levels by introducing a mof mutation rescues the male X
puffing phenotype in an ISWI mutant (Corona et al., 2002). Similarly, H4K16ac reduction
can also suppress the puffing male X morphology in JIL-1 mutant (Deng, unpublished data).
Therefore, JIL-1 might be required for preventing hyper-acetylation-induced chromosome
“puffing” through stabilizing tight association among chromatin fibrils in the male X
polytene chromosome.
How JIL-1 plays this role is still unknown. Su(var)3-7 might participate in male X
architecture via interacting with JIL-1 since reduction of Su(var)3-7 partially rescues the
male X phenotype in a JIL-1 mutant (Deng et al., in preparation). However, overexpressed
Su(var)3-7 does not significantly alter the male X phenotype in JIL-1 null mutant (Deng,
unpublished data). Similar yet non-identical “puffing” male X polytene chromosome
phenotypes were also detected in the mutants of other genes including Su(var)2-5 (Spierer et
al., 2005), Su(var)3-7 (Spierer et al., 2005), nurf301 (Badenhorst et al., 2002), ISWI (Deuring
et al., 2000), and Ada3 (Grau et al., 2008), suggesting that JIL-1 is not the only player in
male X architecture and maintenance. In the future, it will be interesting to test the
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interaction between JIL-1 and these other factors by generating double mutants. Detailed
analyses including electron microscopy, immuno-electron microscopy as well as developing
quantifying approaches would be helpful for understanding the specific organization of male
X chromosome.
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APPENDIX.  ADDITIONAL DATA
Kinase Dead JIL-1 cannot Generate Interphase H3S10ph
To dissect the function of JIL-1 kinase activity, we generated expression stocks
containing a transgene encoding a "kinase dead" version of JIL-1, in which the lysine in the
ATP-binding loop of each kinase domains (K293 and K652, respectively) was changed to alanine
(Figure 1A). These two lysines were found to be critical for catalytic activity in RSK kinase
(Bjørbæk et al., 1995). The "kinase dead" JIL-1 construct was generated using the
TransformerTM Site-Directed Mutagenesis kit (Clon-Tech) to introduce K293A and K652A
substitutions, and cloned into the pUAST vector.  The  "kinase dead" JIL-1 transgene, driven
by hsp70-GAL4 driver, was expressed in a null JIL-1z2/JIL-1z2 background.
As judged by immuno-stainings of salivary gland “smushes” (Figure 1B) and squashes
(Figure 2D) as well as by western analyses of salivary gland proteins (Figure 1C), the "kinase
dead" JIL-1 expresses at similar levels to endogenous JIL-1 and has normal interband
localization and male X upregulation, but cannot restore the interphase H3S10ph to the salivary
gland nuclei in the null JIL-1z2/JIL-1z2 background. These results suggest that JIL-1 kinase
domains might phosphorylate H3S10 using a similar mechanism as other homologous tandem
kinases in mammals, and the kinase activity, although critical for interphase H3S10ph, is not
required for JIL-1’s proper binding to chromatin.
JIL-1 Kinase Activity is Required to Antagonize Heterochromatic Spreading
Reduction of JIL-1 gives rise to severely disrupted polytene chromosome morphology
(Wang et al., 2001) as well as ectopic spreading of heterochromatin markers H3K9me2 and
HP1 on the mutated chromosome arms (Zhang et al., 2006; Deng et al., 2007), which was
found to be a major factor contributing to the lethality and chromosome morphology defects
associated with loss of JIL-1. To figure out whether JIL-1 kinase activity and the H3S10ph is
required to antagonize the heterochromatin spreading, we examined the H3K9me2 level on
polytene chromosomes from transgenic lines with a "kinase dead" JIL-1 expressed in a null
JIL-1z2/JIL-1z2 background in which the H3S10ph is abolished while other functions of JIL-1
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are presumably unaffected. Similar as in JIL-1z2/JIL-1z2, the H3K9me2 marker also
ectopically spreads to chromosome arms especially male X chromosome (Figure 2C),
suggesting that the H3S10ph histone code is the critical player for antagonizing ectopic
heterochromatization, consistent with the finding that H3S10ph is essential for establishing a
less condensed chromatin structure at the JIL-1 ectopic targeting sites (Deng et al., 2008).
Interestingly, both the autosomes and male X polytene chromosome morphology,
although still severely defected, are slightly improved by the kinase dead JIL-1 in JIL-1 null
background (Figure 2B), suggesting that the ectopic heterochromatinization contributes to
large part but not all of the morphological defects in JIL-1 mutants. Consistently, truncated
JIL-1 transgene with only NTD and CTD can also partially rescue the polytene chromosome
defect in JIL-1z2/JIL-1z2 (Deng, unpublished data). Therefore, in addition to kinase activity
leading to H3S10ph, JIL-1 also has other functions responsible for the architecture of higher
order chromatin structure.
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